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“Nothing in life is to be feared, it is only to be understood. Now is the time 
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aa Amino acid 
ACh Acetylcholine 
AChE Acetylcholinesterase 
AChR Acetylcholine receptor 
AL Activation loop 
ALS Amyotrophic lateral sclerosis 
AP Action potential  
aPKC Atypical protein kinase C 
APS Ammonium persulfate 
ARIA AChR-inducing activity 
ATP Adenosine triphosphate 
AZ Active zone 
BDNF Brain-derived neurotrophic factor 
BL Basal lamina 
BSA Bovine serum albumin 
Ca2+ Calcium ion 
CaMb Calmodulin binding domain 
CAPS Calcium-dependent activator protein for secretion 
CATCHR Complex associated with tethering containing helical rod 
CCP Clathrin-coated pits 
Cdk5  Cyclin-dependent kinase 5 
ChAT Choline acetyltransferase 
CME Clathrin mediated endocytosis 
CMS Congenital myasthenic syndrome 
CNS Central nervous system 
cPKCβI Classical protein kinase C beta I 
Cplx Complexin 
Ctrl Control 
C1 - C2 Calcium-binding domains 
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DMSO Dimethyl sulfoxide 
ECL Enhanced chemiluminescence  
EDTA Ethylenediamine tetraacetic acid 
EE Early endosome 
EI Endocytic intermediates 
EPP End-plate potential 
FGF Fibroblast growth factor 
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase 
Habc N-terminal regulatory domain with three α-helixes 
HM Hydrophobic motif 
HRP Horseradish peroxidase 
Hz Herz 
Ig1 - Ig2 Immunoglobulin-like domain 
IHC Immunohistochemistry 
IP3 Inositol trisphosphate 
K+ Potassium ion 
kDa Kilodalton 
LAL Levator Auris Longus 
LE Late endosome 
LRR Leucine-rich repeat 
M Molar  
mAChR Muscarinic acetylcholine receptor 
MAPK Mitogen-activated protein kinase 
MARCKs Myristoylated alanine-rich C-kinase substrate 
ml Milliliter (10-3 l) 
MMP-7 Matrix metalloproteinases 
MN Motoneuron 
MSC Myelinating Schwann cell 
Munc13 Mammalian Unc-13 
Munc18-1 Mammalian uncoordinated-18 protein 
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mV Millivolt (10-3 v) 
MVB Multivesicular body 
MW Molecular weight 
Na+ Sodium ion 
nAChR Nicotinic acetylcholine receptor 
NGF Nerve growth factor  
Nm Nanometer (10-9 m) 
NMJ Neuromuscular junction 
NMSC Non-myelinating Schwann cell 
nPKCε Novel protein kinase C epsilon 
NSF N-ethylmaleimide-sensitive factor 
NT Neurotransmitter 
NT-3 – NT-4 Neurotrophin-3 and 4 
O/N Overnight 
PBS Phosphate buffer saline 
PC Protein convertase 
PDK1 3-phosphoinositide dependent kinase 1 
PE Phorbol ester 
PHLPP PH domain and leucine rich repeat protein phosphatase 
PIP2 Phosphatidylinositol 4,5-bisphosphate 
PIP3 Phosphatidylinositol 3,4,5-trisphosphate 
PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase 
PKA Protein kinase A 
PKC Protein kinase C 
PLCγ Phospholipase C gamma 
PM Plasma membrane 
PMA Phorbol 12-myristate 13-acetate 
PMSF Phenylmethanesulfonyl fluoride 
PNS Peripheral nervous system 
PP2A Protein phosphatase 2 
PS Phosphatidylserine 
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PVDF Polyvinylidene difluoride 
P75NTR p75 neurotrophin receptor 
P-value Level of statistical significance 
RACK Receptor for activated C-kinase 
RIM Rab3-interacting molecule 
RRP Readily releasable pool 
SBL Reduced sample buffer loading 
SC Schwann cell 
SDS Sodium dodecyl sulfate 
SDS –PAGE SDS-polyacrylamide gel electrophoresis 
SEM Standard error of the mean 
Ser Serine 
SM Sec1/Munc18 family of proteins 
SMA Spinal muscular atrophy 
SNAP-25 Synaptosome associated protein of 25-kDa 
SNARE Soluble NSF Attachment Protein Receptor 
SPSS Statistical Package for the Social Sciences 
St Electrical stimulation without muscle contraction 
St + contraction Electrical stimulation with muscle contraction 




TBS Tris-buffered saline 
TBST Tris-buffered saline 0.1% Tween 20 
TEMED N, N, N’,N’-tetramethylethylenediamine 
Thr Threonine 
TM Turn motif 
TMR Terminal transmembrane region 
TNF Tumor necrosis factor 
TRICT  Tetramethyl rhodamine iso-thiocyanate 
UNIVERSITAT ROVIRA I VIRGILI 
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS 
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI 
Anna Simó Ollé 




Trk Tropomyosin-related kinase receptor 
TrkB.FL TrkB full length receptor 
TrkB.T1 – TrkB.T2 TrkB truncated isoforms 
tSC Terminal Schwann cell 
Tyr Tyrosine 
t-SNARE Target membrane –SNARE 
v-SNARE Vesicle SNARE 
VAChT Vesicular acetylcholine transporter 
VAMP Vesicle-associated membrane protein 
VGCC Voltage-gated calcium channel 
VGSC Voltage-gated sodium channel 
vs Versus 





βIV5-3 V5-containing cPKCβI inhibitor peptide 
εV1-2 V1-containing nPKCε inhibitor peptide 
μg Microgram (10-6 g) 
μl Microliter (10-6 l) 
μM micromolar (10-6 M) 
μ-CgTx- GIIIB μ-conotoxin GIIIB 
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At the neuromuscular junction (NMJ) synapse, several signaling pathways 
coordinate pre-, post-synaptic responses and associated glial cells. The relation 
between these signaling pathways modulates the pool of synaptic vesicles leading 
to neurotransmission. Moreover, PKC phosphorylates several molecules of 
synaptic vesicle exocytotic apparatus responsible to the regulation of 
neurotransmitter release. Munc18-1 and SNAP-25 are two PKC substrates that 
play a key role in the exocytotic machinery. In addition, PKC is modulated by 
presynaptic and postsynaptic activity in skeletal muscles. Nevertheless, it is still 
unknown which PKC regulates these key molecules in the NMJ. cPKCβI and nPKCε 
are exclusively located at the nerve terminal of the NMJ and are regulated by 
synaptic activity. In addition, muscle contraction through BDNF/TrkB has an 
important impact on these PKC isoforms. Therefore, this thesis is aimed to 
determine the expression, location and regulation by the PKC-activators calcium 
and phorbol esters (PMA) of Munc18-1 and SNAP-25 and their phosphorylated 
forms in the skeletal muscle. Also, to study whether Munc18-1 and SNAP-25 
phosphorylation are affected by (1) synaptic activity and muscle contraction per 
se; and (2) nPKCε, cPKCβI and BDNF/TrkB signaling in a neuromuscular activity-
dependent manner.  
Main results, obtained by Western blot analysis and confocal microscopy, 
show that Munc18-1 and SNAP-25 are expressed and phosphorylated in basal 
conditions in the skeletal muscle, predominantly in the membrane fraction, with 
Munc18-1 being located at the nerve terminal. Munc18-1 and SNAP-25 
phosphorylation are modulated by calcium, PMA, synaptic activity and enhanced 
by nPKCε. Otherwise, cPKCβI and BDNF/TrkB signaling pathway regulates Munc18-
1 but not SNAP-25 phosphorylation. Finally, muscle contraction downregulates 
these proteins to reach a basal state. 
In conclusion, these results provide a mechanistic insight into how Munc18-
1 and SNAP-25 phosphorylation is regulated to achieve the extraordinary precision 
and plasticity of neurotransmission. 
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A la sinapsis de la unió neuromuscular (NMJ), diverses vies de senyalització 
coordinen les respostes pre-/postsinàptiques i les cèl·lules glials associades. La 
relació entre aquestes vies modula les vesícules sinàptiques que regulen la 
neurotransmissió. A més, la PKC fosforila diverses molècules de l'aparell exocitòtic 
responsable d'aquesta regulació. Munc18-1 i SNAP-25 són substrats de PKC que 
juguen un paper clau en la maquinària exocitòtica. A més, la PKC està modulada 
per l'activitat pre-/postsinàptica al múscul esquelètic. No obstant això, encara es 
desconeix quines isoformes de PKC regulen aquestes molècules clau en la NMJ. 
cPKCβI i nPKCε es troben exclusivament en el terminal nerviós de la NMJ i estan 
regulades per l'activitat sinàptica. A més, la contracció muscular a través de 
BDNF/TrkB té un impacte important en aquestes isoformes. Amb tot, l’objectiu 
d’aquesta tesi és determinar l’expressió, localització i regulació pels activadors de 
PKC calci i èsters de forbol (PMA) de Munc18-1 i SNAP-25 i la seva fosforilació en el 
múscul esquelètic. A més, estudiar si aquestes fosforilacions estan afectades per 
(1) activitat sinàptica i contracció muscular per se; i (2) nPKCε, cPKCβI i la 
senyalització BDNF/TrkB de manera dependent d’activitat neuromuscular.  
Els principals resultats, obtinguts mitjançant anàlisi Western blot i 
microscòpia confocal, mostren que Munc18-1 i SNAP-25 s'expressen i fosforilen en 
condicions basals en el múscul esquelètic, predominantment a la fracció 
membrana, essent Munc18-1 localitzat al terminal nerviós. La fosforilació de 
Munc18-1 i SNAP-25 és modulada per calci, PMA, activitat sinàptica i és 
promoguda per nPKCε. D’altra banda, cPKCβI i la senyalització BDNF/TrkB regulen 
la fosforilació de Munc18-1 però no la de SNAP-25. Finalment, la contracció 
muscular regula negativament aquestes proteïnes per assolir un estat basal. 
En conclusió, aquests resultats proporcionen una visió mecànica de com 
Munc18-1 i SNAP-25 es regulen per aconseguir l'extraordinària precisió i plasticitat 
de la neurotransmissió. 
 
UNIVERSITAT ROVIRA I VIRGILI 
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS 
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI 







En la sinapsis de la unión neuromuscular (NMJ), varias vías de señalización 
coordinan las respuestas pre-/postsinápticas y las células gliales asociadas. La 
relación entre estas vías modula las vesículas sinápticas que regulan la 
neurotransmisión. Además, la PKC, modulada por actividad presináptica y 
postsináptica en el músculo esquelético, fosforila varias moléculas del aparato 
exocitótico responsable de esta regulación. Munc18-1 y SNAP-25 son sustratos de 
PKC que juegan un papel clave en la maquinaria exocitótica. Sin embargo, todavía 
se desconoce qué isoforma de PKC regula estas moléculas clave en la NMJ. cPKCβI 
y nPKCε se encuentran exclusivamente en el terminal nervioso de la NMJ y están 
reguladas por actividad sináptica. Además, la contracción muscular a través de 
BDNF/TrkB tiene un impacto importante en estas isoformas. Así mismo, el objetivo 
de esta tesis es determinar la expresión, localización y la influencia de los 
activadores de PKC calcio y ésteres de forbol (PMA) de Munc18-1 y SNAP-25 y su 
fosforilación en el músculo esquelético. Además, estudiar si dichas fosforilaciones 
están afectadas por (1) actividad sináptica y contracción muscular per se; y (2) 
nPKCε, cPKCβI y la señalización BDNF/TrkB de manera dependiente de actividad 
neuromuscular. 
Los principales resultados, obtenidos mediante análisis Western blot y 
microscopia confocal, muestran que Munc18-1 y SNAP-25 se expresan y fosforilan 
en condiciones basales en el músculo esquelético, predominantemente en la 
fracción membrana, localizándose Munc18-1 en el terminal nervioso. La 
fosforilación de Munc18-1 y SNAP-25 se modula por calcio, PMA, actividad 
sináptica y es promovida por nPKCε. Por otra parte, cPKCβI y la señalización 
BDNF/TrkB regulan la fosforilación de Munc18-1 pero no de SNAP-25. Finalmente, 
la contracción muscular regula negativamente estas proteínas hacia un estado 
basal. 
En conclusión, estos resultados proporcionan una visión mecánica de cómo 
Munc18-1 y SNAP-25 se regulan para lograr la extraordinaria precisión y 
plasticidad de la neurotransmisión. 
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1. NEUROMUSCULAR JUNCTION AS A MODEL OF CHEMICAL SYNAPSES 
The nervous system relies on the transmission of electrically or chemically 
encoded information, which propagates along an axon and is encoded as rapid 
changes of the membrane potential (action potentials, APs), through the synapses. 
In the nervous system, there are two major types of synaptic connections, the 
electrical and the chemical synapses. Although electrical synapses play several 
important roles in the nervous system, allowing the passive and direct flow of 
electrical current from one to another neuron, chemical synapses are far more 
numerous and provide the bulk of synaptic transmission.  
Chemical synapses are specialized cell-to-cell junctions where nerve 
impulse is transmitted in one direction, from one neuron to another or from one 
neuron to a non-neuronal cell such as those in muscles or glands. Chemical 
synapses are made up of two domains or components: the presynaptic domain 
and the postsynaptic domain separated by an ultra-thin region known as the 
synaptic cleft (Palay and Palade, 1955). At such synapses, AP signal triggers the 
transmission mediated by neurotransmitters (NTs) that are rapidly secreted into 
the synaptic cleft from the presynaptic terminal to the postsynaptic cell (Burns and 
Augustine, 1995). Proteins in the presynaptic domain are geared towards the 
synthesis, storage and release of NT through synaptic vesicles (SVs) (Becherer and 
Rettig, 2006); while proteins in the postsynaptic domain are mainly oriented to 
detect and respond to the presence of NT (Kim and Sheng 2004). The presynaptic 
domain contains hundreds of SVs, early endosomal structures and other 
organelles (Südhof, 2004). Under electron microscopy, these SVs can be observed 
as small (40-50nm) electron dense rings which appear in clusters (Bodian, 1970; 
Südhof, 2004). Presynaptic domain is limited by the plasma membrane (PM) of the 
motoneuron (MN) in the nerve terminal; at the same time, the PM of the 
postsynaptic cell encloses the postsynaptic domain. Both are in close opposition to 
each other and separated by the synaptic cleft. The presynaptic PM has electron 
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dense bands named active zones (AZ) (Ahmari and Buchanan 2000), which have a 
high density of proteins that bind SVs to the presynaptic membrane to mediate 
synaptic vesicle fusion, allowing NTs to be released reliably and rapidly when an 
AP arrives. The AZs are in close opposition to another electron dense structure, 
the post synaptic density, bound to postsynaptic membrane, it contains receptors 
and kinases specialized in transducing signals received from the presynaptic 
domain (MacGillavry et al. 2011). 
Neuromuscular junction (NMJ) is a specific peripheral tripartite synapse 
between motor nerve terminals, skeletal muscle fibers and terminal Schwann cells 
(tSCs) that cover the nerve-muscle contact. This kind of synapse is relatively simple 
and accessible to experimentation (Sanes and Lichtman, 2001). Much of the 
current understanding of the synaptic organization derives from studies of the 
vertebrate skeletal NMJ, which has a number of experimentally advantageous 
features. These include large size, relative isolation, robust transmission and 
possibility of accurate regeneration following injury (Patton 2003). Moreover, it is 
affected by several inherited and acquired neurological diseases (Kandel et al. 
2012), being an ideal target to study and contribute to find new therapies related 
to muscular diseases. 
The adult vertebrate skeletal NMJ has served as a model of the first 
rigorous scientific study where the chemical synaptic transmission was 
demonstrated (Dale et al. 1936). Soon thereafter, this synapse was used to show 
that the release of its NT, acetylcholine (ACh), is quantal and vesicular (Katz, 1996). 
Subsequently, the first NT receptor to be purified and then molecularly cloned was 
the nicotinic acetylcholine receptor (nAChR) (Duclert and Changeux, 1995). Since 
then, the NMJ has served as a model from which has emerged much of our 
understanding of the fundamental nature of synaptic transmission (Katz, 1996). 
The NMJ is a highly specialized cholinergic synapse, allowing the signaling 
between muscle fiber and nerve cell, necessary for skeletal muscle function 
(Campanari et al., 2016). NMJs efficiently convert the electrical impulses of the 
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MNs into APs in the juxtaposed muscle fiber, a process that depends on (1) the 
release of large quantities of ACh molecules by the presynaptic MN as well as (2) 
the density of nAChRs clustering on the postsynaptic muscle membrane (Ogata, 
1988; Slater, 2008; Zong and Jin, 2013). 
Abnormalities in NMJ formation, maintenance, or function result in 
neurological disorders, including myasthenia gravis and related disorders (Keesey, 
2004), congenital myasthenic syndromes (CMSs), (Engel et al. 2003), and MN 
diseases such as amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy 
(SMA) (Murray et al. 2010). Therefore, a greater knowledge of the molecular 
mechanisms underlying the structure and function of NMJ will potentially 
contribute to the development of targeted therapeutic approaches. 
2. STRUCTURE OF NEUROMUSCULAR JUNCTION 
The NMJ is composed by three different cell types: motoneuron, muscle 
fiber and Schwann cell (Ogata, 1988) (Figure 1). At the same time, it is possible to 
distinguish between pre- and postsynaptic component, the space between both 
and the glial cell: 
1. Presynaptic component: composed by the nerve terminal of the nerve 
fiber. It is responsible for the synthesis, storage and release of 
acetylcholine (ACh). 
2. Synaptic cleft: is the space between pre- and postsynaptic membrane. It 
contains the synaptic basal lamina (BL) and is where ACh is released. 
3. Postsynaptic component: composed by skeletal muscle fiber. It contains a 
high density of acetylcholine receptors (AChRs) and other molecules 
important for the function, establishment and maintenance of the NMJ.  
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4. Glial cell: the terminal Schwann cells (tSCs) which cover the nerve-muscle 
junction are directly involved in the regulation of neuronal activity and 
synaptic transmission (Castonguay et al. 2001). 
 
Figure 1. Neuromuscular junction structure. Cross-section diagram showing the three cell 
types of NMJ. The presynaptic component is composed (in brown) by the axon terminal of 
the motor nerve fiber, where active zones (in purple) and synaptic vesicles containing ACh 
(in green) are located. Surrounding the motor nerve and axon terminal are the Schwann 
cells (myelinogenic Schwann cell and the terminal Schwann cell respectively). The synaptic 
cleft is depicted by a space between the axon terminal and the synaptic folds of the muscle 
cell, and contains the basal lamina (in yellow). The postsynaptic component is composed by 
the muscle cell, where are located the nicotinic acetylcholine receptors (in blue). Adapted 
from McGraw Hill Companies. 
2.1. Presynaptic component 
The motoneuron is an excitable cell that has the property of responding to 
a stimulus by modifying its membrane potential. The MN is composed of a cellular 
body located at the ventral horn of the spinal cord and a long axon that projects to 
the peripheral nervous system (PNS) and innervates the muscle fiber. In mammals, 
UNIVERSITAT ROVIRA I VIRGILI 
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS 
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI 
Anna Simó Ollé 




the axon ramifies intramuscularly in collateral axons, each of them form a nerve 
terminal that contacts a unique muscle fiber. Therefore, the presynaptic 
component of the NMJ corresponds to the nerve terminal of a MN. Nerve 
terminals are thin (approximately 2 μm), unmyelinated and split up into several 
small “twigs” when contacting a muscle fiber. The entire structure of nerve 
terminal branches is called motor endplate and covered by one or more tSCs. 
Each MN and the entire set of muscle fibers that it innervates is called 
motor unit (Hirsch, 2007). To innervate a muscle, several motor units work 
together. The size of motor units and MN can differ from on muscle to another. 
The MN can be small, intermediate or large. Small MN innervate fewer muscle 
fibers and generate small forces while larger ones innervate more muscular fibers 
and generate more powerful forces. 
The function of a nerve terminal is to convey the signals sent from the 
cellular body of the MN to the muscle fiber. These signals are propagated along 
the axon in form of electrical impulses. Axons transmit electrical signals over 
distances ranging from 0.1 mm to 2 m. To increase the speed by which nerve 
impulses are conducted, the axons of MNs are wrapped in an insulating sheath of 
a lipid substance called myelin, formed by Schwann cells. This sheath is 
interrupted at regular intervals by the nodes of Ranvier, separated spots on the 
axon where the action potential is regenerated creating a saltatory conduction. In 
addition, the nerve terminals receive from the axons a wide variety of chemical 
messages, organelles and molecules through anterograde soma transport.  
The motor nerve terminal comprises a cluster of several specialized 
branches that contain high concentrations of SVs and proteins that regulate the 
timing, location, and depolarization-dependence of vesicle fusion (Patton 2003). 
At the synapse, almost all proteins are in some way associated with either the 
release or subsequent detection of NT (Jessell and Kandel, 1993; Burns and 
Augustine, 1995; Littleton and Bellen, 1995). To achieve that, neuromuscular 
synapses in mature vertebrates use the excitatory transmitter ACh, which triggers 
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muscle contraction. ACh is synthesized in motor nerve terminals from the 
chemical precursor choline and acetyl coenzyme A and it is degraded, by 
acetylcholinesterase (AChE), an enzyme that catalyzes the breakdown of ACh in 
the synaptic cleft (Quinn, 1987). ACh at the NMJ is released in small packets of 
thousands of ACh molecules, called quanta (Del Castillo and Katz, 1954). Each 
quantum of transmitter is packaged into SVs which are one of the most 
fundamental organelles involved in chemical neurotransmission (Heuser and 
Reese, 1973; Südhof, 2004). SVs are small lipid bilayer structures (about 50 nm), 
with a spherical shape. They can release their content upon presynaptic calcium 
ion (Ca2+) entry by fusion with the PM at AZs. Each presynaptic button is densely 
packed with many vesicles, but only a small fraction of them are available for 
immediate release (Kaeser and Regehr, 2017). The subsequent docking, fusion, 
and release of NT (exocytosis) is a complex mechanism; the detail of which is the 
focus of the introduction chapter of this thesis. SVs also contain other compounds, 
such as adenosine triphosphate (ATP), which are co-released with ACh. Moreover, 
because ACh exocytosis is an energy-consuming process, the nerve terminal is rich 
in mitochondria in order to produce it when it is needed. A tightly controlled 
composition of proteins and lipids ensures the reliable neurotransmission at 
chemical synapses. Moreover, several proteins can be found in the membrane of 
the nerve terminal. Some of the most important are muscarinic acetylcholine 
receptors (mAChR) (Arenson 1989; Caulfield 1993; Ganguly and Das 1979; Garcia 
et al. 2010; Nadal et al. 2016, 2017; Santafé et al. 2006; Santafe et al. 2015), 
purinergic receptors (Garcia et al. 2013; Oliveira et al. 2015) and neurotrophin 
receptors such as Tropomyosin-related kinase receptor B (TrkB) (Hurtado et al. 
2017a; Garcia et al. 2010; Gonzalez et al. 1999). 
2.2. Synaptic cleft and basal lamina 
Synaptic cleft is the space between pre- and postsynaptic membranes (50-
100 nm wide), through which a nerve impulse is transmitted by the release of ACh 
(Wood and Slater, 2001) and it is occupied by a regular array of material of 
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moderate electron density. During development interactions occurring in the 
synaptic cleft are needed for the formation of pre- and postsynaptic 
specializations and therefore represent the starting point for signaling cascades 
that lead to synapse formation and stabilization (Craig 1998; Sanes and Lichtman 
1999). Moreover, synaptic cleft can mediate some aspects of retrograde signaling, 
through which the activation of postsynaptic receptors may modulate the 
efficiency of the presynaptic compartment (Kandel et al. 2012).  
At the vertebrate NMJ, within the synaptic cleft, and surrounding each 
nerve and muscle fiber, there are a thin layer called the basal lamina. It is 
composed of collagen and other extracellular matrix proteins, approximately 50 
nm-thick, that contribute to tissue architecture and stability, form filtration 
barriers, and contain signaling molecules for cellular receptors (Patton 2003). In 
the NMJ, BL is also important because it covers the postsynaptic primary and 
secondary folds and allows contact with the opposing part of the synapse, the MN. 
In addition, the BL contains functionally specialized domains that support and 
regulate the specific cell types with which they come into contact. Thus, the 
molecular components of the BL function collectively as both general mechanical 
superstructure and specific cellular regulator (Patton 2000).  
Associated with the synaptic portion of the BL are a number of proteins and 
glycoproteins that are not present in non-synaptic regions. These proteins includes 
AChE, laminin β2, which link the BL to the PM, agrin, AChR-inducing activity (ARIA), 
which are involved in the formation of the NMJ, and neurotrophic substances like 
fibroblast growth factor (FGF) (Falls et al., 1993; Sanes and Lichtman, 1999). Most 
relevant protein to considerer is AChE, the enzyme that rapidly cleaves ACh, thus 
limiting both the temporal and spatial extent of transmitter action (Wood and 
Slater, 2001; Rotundo, 2003). The enzyme is secreted from the muscle but remains 
attached to it by thin stalks of collagen fastened to the BL (Martyn et al. 2009). The 
efficiency of AChE ensures that transmission is restricted to a short time window 
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within an area near the transmitter release site, thus contributing to the temporal 
and spatial precision of skeletal muscle control.  
2.3. Postsynaptic component 
The postsynaptic component of the NMJ is formed by the muscle fiber 
membrane, which is called sarcolemma and is specialized to respond very quickly 
to the arrival of ACh, the cytoplasm below and the synaptic nuclei. The 
sarcolemma acts as a physical barrier against the external environment and 
facilitates signaling to the fiber.  
Usually, the nerve terminal forms the synaptic contact at the center of the 
muscle fiber. Across the synaptic cleft, in the area where the contact takes place, 
the muscle “endplate’’ surface forms a concavity named primary postsynaptic 
membrane, or primary fold. This shallow primary fold in turn is invaginated to 
form deeper folds, which increase the contact surface, called secondary folds (Liss 
and Salpeter 1987). At the top of the secondary folds are high concentrations of 
nAChRs in front of the nerve terminal. At the bottom of the secondary folds are 
concentrated voltage-gated sodium channels (VGSCs). Underneath the endplate, 
there are cytoskeleton fibers, microtubules and microfilaments, which maintain 
the structure of the folds and keep the nAChRs anchored to the membrane on the 
top of these. Secondary folds are unique to the NMJ and the high density of 
receptors that they allow is thought to enhance the safety factor for 
neurotransmission, which it refers to the ability of this to remain effective under 
various physiological conditions and stresses (Patton 2003; Sanes and Lichtman 
1999) (Figure 1).  
The nAChRs belong to the cys-loop superfamily of ligand activated ion 
channels that form pores or ionic channels. All members of this superfamily share 
a common structure and function. The crests of the folds are very defensibly 
packed with nAChRs at a density of about 10.000 receptors/µm2 (Salpeter and 
Loring, 1985; Sine, 2012). Each nAChR is a protein comprised of five polypeptide 
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subunits surrounding a central, funnel-shaped pore, while on their synaptic 
surface they provide the binding sites for ACh. The mature adult receptor has two 
identical α subunits, one β, one δ and one ε subunit. In the absence of ACh, the 
central pore remains impermeable to the flow of cations. The pore opens in 
response to two molecules of ACh binding to the N-terminal domain of the 
junctions of the subunits αδ and αε promote the opening of the pore so that the 
sodium can get inside the fiber and it becomes depolarized. This procedure ends 
with a muscular contraction (Hirsch, 2007). 
The aim of neuromuscular transmission is to cause muscle contraction. The 
muscle fibers that make up muscles are highly specialized to generate mechanical 
force under the control of the nervous system (Slater, 2008). A muscle fiber or 
myocyte is a long and cylindrical multinucleated cell (approximately 1-2 µm 
diameter) that contains myofibrils. The myofibrils are in turn composed of actin 
and myosin filaments. Muscle contraction results from the interaction between 
these filaments. Muscle fibers are organized into distinct thin (actin) and thick 
(myosin) filaments, corresponding to the light band (I-band) and dark band (A-
band), which are further organized into overlapping arrays, the sarcomeres (figure 
2). The sarcomere, the smallest functional unit of muscle fiber, is responsible for 
the striated appearance of skeletal muscle, and forms the basic machinery 
necessary for muscle contraction. The border between two neighboring 
sarcomeres is called the Z-line (also known as the Z-disc or Z-band). T-tubules are 
invaginations from the sarcolemma that communicate this outer membrane with 
the myocyte’s sarcoplasmic reticulum. These structures are typically located at the 
junction overlap between the A and I bands of the sarcomere, and together with a 
pair of terminal cisternae (bulbous enlarged areas of the sarcoplasmic reticulum) 
form an arrangement called a triad (Padykula and Gauthier, 1970; Mitsui and 
Ohshima, 2012).   
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Figure 2. Longitudinal section of the basic organization of a sarcomere region. It shows of 
overlapping and crossed-over filament arrays created to generate the relative slip force 
between the filaments. Myosin (A-band) is represented in green, actin (I-band) in brown 
and the z-line in blue.  
 
A motor unit is the MN and fibers of the skeletal muscle that it innervates. 
A single MN is able to innervate multiple muscle fibers, thereby causing the fibers 
to contract at the same time. Once innervated, the protein filaments within each 
skeletal muscle fiber slide past each other to produce a contraction.  When AP 
arrives, it produces the release of Ca2+ influx. Then, actin filaments slide past 
myosin filaments; myosin heads become attached to actin filaments and form the 
protein complex actomyosin, which, thereby forms a cross-bridge between the 
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2.4. Glial component 
Schwann cells (SCs) are glial cells of the PNS and are closely associated with 
motoneurons. Further than only being passive supporters of the neurons, are 
directly related with the nervous transmission function. SCs are derived from 
neural crest cells, and come in two types either myelinating or non-myelinating 
SCs. Both play a pivotal role in the maintenance and regeneration of axons of the 
neurons in the PNS. In addition, they are related with the correct directionality of 
the axons and also help in the elimination of products of waste (Bhatheja and 
Field, 2006). Myelinating SCs (MSCs) are the most representative group and 
enclose one axon of about 1 μm of diameter and form myelin sheaths around, and 
are abundant in the axons of neurons. MSCs contribute to increase transmission 
velocity and improve stability of point-to-point connectivity decrease energy 
consumption for impulse transmission (Griffin and Thompson, 2008). Moreover, 
they are useful to avoid randomized polyinnervation due to the myelin sheaths 
capacity of secretion of replication inhibitory compounds. Non-myelinating 
Schwann Cells (NMSCs) are a minority and envelope several axons with a diameter 
of about 0,5 μm but do not recover them with myelin (Bhatheja and Field, 2006).  
Terminal Schwann cells (tSCs) belongs NMSCs and are the glial cells of the 
PNS which cover the motor nerve terminals in NMJs (Sanes and Lichtman, 1999). 
There are especially important in the NMJ because they recover the terminal 
button and isolate the synapses from the environment and provide nutritive 
substances and an appropriate medium to the neuron cells. Although tSCs are 
similar to NMSCs in that they do not form multiple myelin wrappings around nerve 
terminals, they do wrap around single nerve terminals. TSCs plays a vital role in 
the synaptic transmission at the PNS, promoting stability of the NMJ, and are 
actively involved in modulating synaptic function (Auld and Robitaille 2003a,b; 
Feng and Ko 2008). In addition, they promote synapse elimination during the 
development process and synaptogenesis (Smith et al., 2013) and also help in the 
recovery after the nerve injury (Kang et al. 2014).  
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3. SYNAPTIC TRANSMISSION IN THE NEUROMUSCULAR JUNCTION 
The electrical transmission in the nervous system occurs by the ability of a 
neuron to elicit AP firing in the neighboring neuron (Lisman et al. 2007). Synaptic 
transmission (or neurotransmission) is initiated when an AP triggers NT release 
from a presynaptic nerve terminal. The depolarization of PM of nerve terminal 
leads to Ca2+ influx through voltage-gated calcium channels (Katz and Miledi, 
1967). The rise in the presynaptic calcium concentration increases the probability 
of SVs fusion with the PM at AZ and the subsequent vesicle exocytosis. Following 
fusion, SVs expel their NT content which diffuse over the synaptic cleft and bind to 
complementary ligand-gated ion channels at presynaptic cell, which transform the 
chemical signal back into an electrical signal (Südhof, 2004). To maintain the 
activity and integrity of a synapse, membranes and proteins are recycled and SVs 
are reacidified and refilled with NT (Südhof, 2004; Jahn and Scheller, 2006) to 
prepare them for a new round of exocytosis after arrival of another electrical 
impulse.  
In the case of NMJ, impulse transmission takes place in a saltatory way 
along myelinated axons from one Ranvier node to the next. These involves the 
rapid release of quanta of ACh from the nerve, the binding of the ACh to nAChRs in 
the surface of the muscle fiber, the opening of those channels and the flow of 
current into the muscle fiber leading to depolarization and opening of VGSCs 
causing initiation of an AP and contraction of the muscle cell. 
There are three primary modes of neurotransmitter release (Kaeser and 
Regehr, 2014):  
 Synchronous release occurs within several milliseconds after an AP invades 
a presynaptic bouton. It is the main component in most synapses, 
whereby more than 90% of quanta can be released at low-frequency 
stimulation. 
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 Asynchronous release persists for tens of milliseconds to tens of seconds 
after an AP or series of APs. 
 Spontaneous release occurs in the absence of presynaptic depolarization. 
Neurons are electrically active by virtue of a potential difference that exists 
across their PM (Hodgkin and Katz, 1949). This gradient is maintained through the 
action of sodium/potassium ATPase (Na+/K+-ATPase) and unidirectional ion 
channels (Rakowski et al. 1989). Through the action of Na+/K+-ATPase, neurons 
contain a high intracellular concentration of potassium but a low intracellular 
concentration of sodium. At rest, this (typically) keeps the neuron below the 
threshold for firing APs, at -70 mV, but to start the neurotransmission a minimum 
level of depolarization called threshold action potential must be achieved. For this 
reason, changes in Na+ and K+ concentrations must be enough to throw the 
potential up to usually between -50 and +40 mV (varies depending on the 
situation and the stimuli). When the sodium channels open, the extracellular Na+ 
gets in the cell and depolarizes it. Then, the potassium channels impulse the K+ out 
of the cell and generate, this way, the repolarization. This procedure generates a 
change in the polarity among inside and outside the neuron that starts at the 
soma and travels by the axon until it reaches the nerve terminal. Once the AP 
arrives, it causes the opening of the presynaptic voltage-gated calcium channels 
(VGCCs) and provokes the Ca2+ influx, which allows the neurotransmission.  
Neurotransmission at the presynaptic terminal involves synaptic vesicle 
exocytosis, endocytosis, and reuse of SVs. To enable these, apart from Ca2+ influx 
induced by depolarization, it is also necessary the SNARE (Soluble NSF Attachment 
Protein Receptor) complex assembly, which implies a number of proteins, found in 
the membranes and the cytoplasm of the nerve terminals of the MN. Moreover, 
neurotransmission has to deal with the amount of NT available and, to obtain an 
efficient response, postsynaptic receptors must be working correctly and so the 
postsynaptic cell. 
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4. SYNAPTIC VESICLES 
Synaptic vesicles are the basic minimal units of membrane traffic in the 
presynaptic terminal, with a spherical shape and small diameter about 40 nm. SVs 
have been used as a classical example to illustrate the physico-chemical properties 
of a membrane trafficking organelle. The membrane of a single SV is composed of 
a large amount of phospholipid molecules, is enriched in cholesterol and 
numerous transmembrane and membrane-associated proteins. Detailed analysis 
of the protein composition of rat SVs revealed the presence of numerous integral 
membrane proteins among which the SNARE family (SNARE where NSF stands for 
N-ethylmaleimide-sensitive fusion protein, or factor) are the predominant proteins 
(Takamori et al., 2006). The membrane constituents of the organelle are ultimately 
responsible for orchestrating association of the complex, task execution, and 
complex disassembly. SVs proteins can either be classified as transport proteins, 
which are involved in NT uptake and storage, and as trafficking proteins involved 
in membrane fusion (Südhof, 2004). The most abundant SV trafficking proteins are 
Synaptobrevin-2 (Syb-2), synaptophysin and synaptotagmin-1 (Syt1) (figure 3) 
(Takamori et al., 2006; Wilhelm et al., 2014). 
 
Figure 3. The protein composition of an average synaptic vesicle. A) Scheme of the 
structure and topology of the major synaptic vesicle (SV) membrane proteins. B) Molecular 
model of an average synaptic vesicle. SV proteins are displayed at near atomic resolution. 
SV surface is almost entirely covered with proteins. Source: Takamori et al., 2006. 
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4.1. Synaptic vesicle pools 
In a typical synapse at rest, a small percentage of vesicles are attached to 
the AZs of the presynaptic membrane and the rest are distributed in nearby pools. 
Although the SVs all look alike under the electron microscope and no significant 
biochemical distinctions can be determined between them in a terminal at rest, 
there are distinct pools of vesicles with distinct functional properties. SVs are 
distributed in the presynaptic terminal in a specific way in order to favour their 
utilization and reutilization during maintained stimuli. Depending on the position 
where they are and the availability to be exocytated, vesicles can be classified in 
three different groups: the readily releasable pool (RRP), the recycling pool and 
the reserve/resting pool (Rizzoli and Betz, 2005; Alabi and Tsien, 2012). 
 The readily releasable pool (RRP): This pool is constituted by vesicles which 
are docked at the synaptic AZ, available for immediate release, although 
not necessarily immediately releasable. This pool only constitutes about 
1-5% of all vesicles and is the first to be released. For this reason, an 
intense or repetitive stimulus can exhaust it. 
 The recycling pool: These vesicles are released during moderate 
(physiological) stimulation, and constitute about 5-20% of all vesicles. 
Physiological frequencies of stimulation cause it to recycle continuously 
and it is refilled by newly recycled vesicles, so that they can be used 
repeatedly during sustained activity (Harata et al., 2001; Kuromi and 
Kidokoro, 2003; Richards et al., 2003).  
 The reserve/resting pool: These vesicles constitute about 80–90% of all 
vesicles in most presynaptic terminals. It is defined as a depot of SVs from 
which release is only triggered during intense stimulation. Interestingly, in 
the NMJ, intense stimulation results in fusion of all the vesicles in the 
terminal (Heuser and Reese, 1973), whereas in hippocampal neurons, a 
substantial proportion of the vesicles remain unused, even during strong 
nonphysiological stimulation. Both at central nervous system (CNS) and 
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NMJ synapses only 1-5% of all vesicles are recycled (Denker et al., 2011). 
Hence, the proportion the reserve pool vesicles that participate in 
synaptic transmission is still a matter of debate and await further 
investigations. It is possible that these vesicles are seldom or never 
recruited during physiological activity. 
5. THE SYNAPTIC VESICLE CYCLE 
The synaptic vesicle cycle resembles general membrane trafficking and can 
be divided into three phases: synaptic vesicle filling, exocytosis, and recycling. 
During filling, NTs are synthesized in the cytoplasm and are actively internalized 
into SVs via vesicular NT transporters and form a cluster or a reserve pool in the 
cytoplasm. Exocytosis of NT-filled SVs is a multistep pathway by which a SV fuses 
with the PM and releases its contents into the synaptic cleft and is triggered by 
calcium influx. After exocytosis, endocytosis recovers SVs from the PM and are 
recycled and refilled with NTs for a new round of exocytosis (figure 4) (Heuser and 
Reese 1973; Lisman et al. 2007; Südhof 2004). 
5.1. Vesicular filling of acetylcholine 
NTs are synthesized in the neuronal cytosol and are stored at high 
concentrations in the presynaptic nerve terminal into SVs by active transport, 
driven by a vesicular ATPase proton pump whose activity establishes an 
electrochemical gradient across the vesicle membrane. The neurotransmitter ACh 
is synthesized by the enzyme choline acetyltransferase (ChAT) in the cytoplasm of 
cholinergic neurons. Once synthetized, the vesicular acetylcholine transporter 
(VAChT) is responsible for loaded the ACh into the SVs in the terminals. VAChT 
works in coordination with another important enzyme, the vacuolar ATPase which 
pumps protons inside the vesicles and generates the gradient of protons needed 
to transport the ACh inside the vesicles (Gasnier, 2000; Südhof, 2004). 
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Figure 4. Synaptic vesicle cycle. Scheme of synaptic vesicle exocytosis and endocytic 
pathway. NTs are synthetized and stored into SVs at the presynaptic nerve terminal. SVs 
can form a reserve pool of NTs within the nerve terminal or bind to specialized sites of the 
presynaptic membrane called AZs, where they dock and release takes place. Priming 
involves all steps required to acquire fusion and release readiness of the exocytotic 
complex. NT diffuses out of the nerve terminal and binds to a postsynaptic receptor, which 
triggers signaling in the postsynaptic cell. In the case of the NMJ, ACh is released and binds 
to the ACh receptor, which results in depolarization of the muscle PM, leading to Ca2+ entry 
and muscle contraction. During NT release, the lumen of the SV is transiently opened to the 
outside, but it is later internalized into the nerve terminal by endocytosis. At the NMJ, SVs 
are mainly endocyted by a clathrin coat. After clathrin uncoating, SVs are internalized and 
regenerated through an endosomal intermediate. After that, SVs are refilled with NTs and 
the next cycle begins. ACh: acetylcholine; AZ: active zone; NMJ: neuromuscular junction; 
NT: neurotransmitter; PM: plasma membrane; SV: synaptic vesicle; Source: Rossetto et al. 
2014. 
5.2. Synaptic vesicle exocytosis 
Exocytosis of NT-filled SVs is a multistep pathway. First, in order for SVs to 
mediate the rapid release of NT they must be first translocated, docked and 
primed at the AZs (Becherer and Rettig, 2006; Siksou et al., 2009). Then, when 
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calcium influx triggers the fusion of the membranes from the SVs, there are well 
placed to immediately NT release. This docked, primed and fusion of membrane is 
mediated and regulated by SNARE proteins that constitutes the basic fusion 
machinery (Brunger 2001; Chen and Scheller 2001) (Figure 4 and 5). SNARE 
proteins undergo conformational changes during SV cycle with structural 
interaction between SVs and the presynaptic membrane, leading the core complex 
formation and driving fusion and the subsequent NT release. The Ca2+ trigged NT 
release at synapses is regulated by the Sec1/Munc18 (SM) protein Munc18-1, the 
Syb-2, the Syntaxin-1A and SNAP-25 (synaptosome associated protein of 25-kDa 
molecular weight). The release takes place only one millisecond after the 
presynaptic membrane is excited. 
Vesicle docking is a targeted reaction where SVs must attach to the AZ of 
the presynaptic PM. This step is essential for their fusion with the membrane and 
exocytosis of their NT to mediate synaptic impulse transmission. Unfortunately, 
there is still controversy in as to which molecular players constitute the functional 
docking machinery. It is required that the cytoplasmic domains of the three 
interacting proteins to form the SNARE complex contact and bridge the vesicular 
membrane and the PM (Figure 4 and 5). This docking appears also to require 
Munc18-1, which could serve as a membrane anchor on the PM. Syt1 is the 
calcium sensor for exocytosis, and SNAP-25 as an essential PM docking factor, 
which, together with a bimolecular Syntaxin/Munc18-1 complex, form the minimal 
docking machinery. Alternatively, SNAP-25 may interact directly with rabphilin and 
Syt1 to dock SVs (Mohrmann et al. 2013; Parisotto et al. 2012; Tsuboi and Fukuda 
2005; Matthijs et al. 2008; de Wit et al. 2009). 
Vesicle priming prepares the SV so that they are able to fuse rapidly in 
response to a calcium influx. This priming step is thought to involve the formation 
of partially assembled SNARE complexes. Importantly, only a fraction of vesicles 
located at or near the PM is competent to undergo AP induced fusion at any point 
in time. These are referred to as ‘primed’ vesicles and the total number of that is 
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referred to as the release competent or primed vesicle pool. CAPS (Calcium-
dependent Activator Protein for Secretion) and Munc13 (Mammalian Unc-13) 
have been shown to be crucial for vesicle priming. These proteins are important 
for the initiation of SNARE complex formation and help to stabilize SVs in a fusion 
competent state (Südhof, 2004). The priming process is also regulated by Ca2+ 
(Neher and Sakaba, 2008). In priming, protein kinase C (PKC) activation of Munc13 
probably acts via a direct or indirect interaction of the MUN-domain with SNARE 
and/or SM (Sec1/Munc18) proteins (Südhof and Rizo, 2011). 
 
Figure 5. Synaptic vesicle exocytosis. Scheme model of the SNARE–SM protein and the 
points of action of their essential proteins involved in the synaptic vesicle cycle. The cycle 
illustrates the various transient stages of monomeric SNAREs and SNARE complexes bound 
to Munc18-1 and Synaptotagmin. Munc18-1 plays an essential role in guiding Syntaxin from 
its closed to open conformation associated with SNARE complexes. Complexin with partially 
assembled trans-SNARE complexes, which enhances vesicle priming for fusion, and the step 
of calcium triggering of fusion pore opening by synaptotagmin. NSF and α-SNAP are 
required for ATP dependent disassembly of SNARE complexes to bring the vesicles and the 
release site back to a state that allows for a new round of exocytosis. Source: Adapted from 
Südhof, 2013. 
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Vesicle fusion occurs when vesicular and PMs mixing and fusion pore open 
when SNARE complex zippered to the membrane proximal or transmembrane 
domain region (Chen and Scheller 2001; Pobbati et al. 2006). This process is leaded 
by SNARE complexes and Munc18-1, which controls this complex formation and 
may have a direct role in fusion. In addition, other SNARE complementary proteins 
such as Munc13 and RIMs (Rab3-interacting molecules), Complexin and Syt1 likely 
orchestrate SNARE-complex. Syt1 mediates triggering of release by Ca2+, probably 
through interactions with SNAREs and both membranes, as well as through tight 
interplay with complexins. After SV collapse onto the PM companied by SNARE 
complex forming into cis conformation, SNARE complex will be disassembled by α-
SNAP and NSF (Lin and Scheller, 2000). Due to the complexity of this step, it is fully 
explained in the follow section The membrane fusion machinery. 
5.3. Synaptic vesicle endocytosis 
Upon SV fusion, the neuronal membrane surface expands. The retrieval of 
SVs from the PM is crucial for keeping the size of the terminal constant by 
removing the excess membrane and permits a relatively small number of SVs to 
maintain synaptic transmission even during long periods of increased activity 
(Murthy and De Camilli, 2003). There are probably four different processes related 
with the recycling of the SVs: (1) clathrin mediated endocytosis (CME) of small SVs; 
(2) “kiss and run”, transient fusion with the PM; (3) bulk and (4) ultrafast 
endocytosis of large portions of membrane. These pathways differ in their 
timescales and molecular mechanisms (Figure 6).   
Clathrin mediated endocytosis is an endocytic process via clathrin-coated 
pits, and occurs in response to a fully vesicle exocytosis outside the AZ, in the 
periactive zones, during normal synaptic transmission. Clathrin is a scaffold protein 
found on the inner surface of the PM which has a skelion shape. Clathrin with the 
aid of endocytic adaptors cover a membrane pit that by progressive membrane 
deformation driven by accessory endocytic proteins matures into a coated vesicle 
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(Fotin et al., 2004, 2006). Once the vesicle is fully formed, the clathrin complex is 
able to dissociate away before being recycled.  
The "kiss-and-run" model operates during mild stimulation and describes 
the transient fusion of SVs with the PM without full vesicle collapse (Alabi and 
Tsien, 2013). The narrow fusion pores are closed rapidly within a time frame of 
only seconds to rejoin the AZ-bound SV pool without the need for endocytic 
sorting. In kiss-and-run, there is no need to sort proteins or lipids because the 
vesicle remains intact (Zhou et al. 2014). 
Bulk endocytosis operates upon strong stimulation in the periactive zone. It 
is probably an emergency mechanism, when stimulation surpasses the ability of 
the synapse to recycle vesicles all vesicle pools are depleted and are only slowly 
regenerated. The vesicle membrane added into the PM either swells the nerve 
terminals or folds back onto itself, generating what has been termed “infoldings” 
or endosome-like vacuoles from which SVs eventually bud (Miller and Heuser, 
1984; Rizzoli, 2014).  
Recent studies (Watanabe et al., 2013a, 2013b) identify an ultrafast mode 
of endocytosis, occurring in the space between active and periactive zones which 
can quickly replenish the membrane surface are during intense stimulation. This 
spatial restriction is peculiar and interesting, as it may signify the existence of 
specialized membrane plates that prevent ultrafast membrane blebbing (Zhou et 
al. 2014). This process is very fast (about 50 – 100 ms after stimulation) and is 
clathrin-independent. Furthermore, it is unclear, whether ultrafast endocytosis 
retrieves exclusively lipids or the complete membrane including the SV proteins 
(Watanabe et al., 2013a, 2013b).  
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Figure 6. Pathways of synaptic vesicle recycling in nerve terminals. Scheme of membrane 
traffic in axon terminals illustrating established and putative pathways of endocytosis of 
synaptic vesicle (SV) membranes: clathrin-coated pits (CCP) from the PM and its deep 
infoldings (1 and 1a),"kiss and run" (2), ultrafast endocytosis (3), and bulk endocytosis (4) 
followed by vesicle formation via yet unclear mechanisms (?) from endocytic intermediates 
(EI). This recycling traffic is interconnected with housekeeping membrane recycling (5) 
involving clathrin-mediated endocytosis and canonical early endosomes (EE) as well as with 
traffic to the cell body (6) via late endosomes (LE) and multivesicular bodies (MVBs). Source: 
Adapted from Saheki and De Camilli, 2012.  
Bulk and ultrafast endocytosis involve large endocytic structures at the PM. 
Both kiss-and-run, bulk and ultrafast endocytosis do ensure instant membrane 
retrieval. While ultrafast recycling may be a default mechanism to maintain the 
surface area following vesicle fusion, CME and bulk endocytosis may impose 
different layers of regulation of synaptic vesicle function when neurons are being 
stimulated intensely. The dense body-plate region is packed with proteins 
specializing in vesicle fusion, while the periactive zone plate and associated 
cytoskeleton specialize in CME or bulk retrieval (Zhou et al. 2014). 
No matter how the vesicles fuse, after release of NT, both newly formed 
and recycled vesicles have to be packed with NT, in order to be utilized in the 
subsequent responses. Thus, vesicular recycling is fundamentally controlling the 
synaptic efficacy. 
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6. THE MEMBRANE FUSION MACHINERY 
Membrane fusion is the process by which two initially separated lipid 
bilayers merge to form a single unity. It is a universal biological process in life that 
is involved in many cellular events, and is essential for the communication 
between cells and between different intracellular compartments (Jahn et al. 
2003). Repulsive forces between the approaching bilayers oppose spontaneous 
membrane fusion in living organisms. These forces result from electrostatic 
repulsion of equally charged membrane surfaces and from hydration repulsion. 
Moreover, the lateral tension of the bilayer interface has to be overcome 
(Kozlovsky et al. 2002). The energy required to overcome the energy barrier for 
the fusion of biological membranes is provided by specialized fusion proteins, like 
SNARE proteins in the exocytosis process, that forms a “rod-like” α-helical bundle, 
termed trans-SNARE complex (figure 7) (Jahn and Fasshauer 2012; Jahn et al. 
2003). 
6.1. The SNARE complex 
Soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein (SNAP) 
receptors, also known as SNARE complex, are known to be the core fusion 
machinery in neuro-exocytotic pathways (Rizo and Südhof, 2002; Jahn and 
Scheller, 2006). SNAREs make up an evolutionarily conserved superfamily of 
membrane-associated proteins that are differentially distributed among 
intracellular membranes (Jahn and Südhof, 1999; Bock et al., 2001; Jahn and 
Scheller, 2006). They are composed exclusively of alpha-helical segments, each 
protein with a 60–70 amino acid (aa) residues in length called the “SNARE motif”, 
which tend to form a coiled coil structure (Terrian and White, 1997) (figure 7). The 
major proteins of the SNARE family that plays an essential role in fusion especially 
during neuronal exocytosis are Syb, SNAP-25 and Syntaxin-1A. SNAREs can be 
divided into two categories based on their primary localization in the cell.  With 
only a few exceptions, a single SNARE family protein resides on the vesicle and is 
UNIVERSITAT ROVIRA I VIRGILI 
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS 
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI 
Anna Simó Ollé 




called the “v-SNARE.” The other three SNARE motifs reside on the target 
membrane and are called “t-SNAREs” (Fasshauer et al., 1998). Both sequence 
analysis and X-ray crystallography studies of the SNAREs have allowed for their 
classification into Q-SNAREs and R-SNAREs (Fasshauer et al., 1998), depending 
upon the amino acid, either glutamine or arginine, present at the ionic layer of the 
SNARE complex (Sutton et al., 1998). Syb-2 and Syntaxin-1A each have one SNARE 
motif, whereas SNAP-25 contains two SNARE motifs. Syntaxin-1A and SNAP-25 are 
mainly located in the presynaptic PM whereas Syb-2 is expressed in a SV 
membrane (Takamori et al., 2006). SNARE motifs zipper together to form a parallel 
four-helix bundle called the “core complex” (Figure 7).  
 
Figure 7. The SNARE core complex machinery. The SNARE complex forms a parallel four-
helix bundle to bridge the vesicle and target membranes. Syntaxin (red) is inserted into the 
plasma membrane by a transmembrane domain. SNAP-25 (green) is associated with the 
target membrane by palmitoylation and contributes two alpha-helices to the complex. Inset 
displays the four residues that define the 0 layer.  
The SNARE core complex is highly stable and requires boiling with sodium 
dodecyl sulfate (SDS) for disassembly (Chen et al. 1999). The stability of SNAREs 
can be attributed to strong hydrophobic interactions between “layer residues” 
that run the length of the core complex. The centre bundle of the helical domain 
contains 16 layers of interface including 15 hydrophobic interface among the side 
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chain from each SNARE motif, and one highly conserved electrostatic “0” layer 
which contains 3 glutamine (Qa, Qb, Qc) and 1 arginine (R) residues (Figure 7). 
Accordingly, the SNARE proteins whose SNARE motif contributes these residue 
was classified as Qa-(Syntaxin), Qb-(SNAP), Qc-(SNAP) and R-SNARE (Syb-2) 
(Fasshauer et al., 1998; Bock et al., 2001). The conservation of the 0 layer residues 
provides an effective evolutionary categorization for classifying the relatedness of 
SNAREs in evolution (Kloepper et al. 2007). 
The zippering process of membrane fusion results in a structural transition 
of the loose trans-SNARE complex to a tight trans-SNARE complex and identified 
by the formation of four α-helical bundles (Figure 7). The states between loose 
and tight trans-SNARE complexes are thought to be reversible and reach 
equilibrium (Xu et al. 1999). The bilayers of the target and vesicular membranes 
merge the trans-SNARE complex into cis-complex, which results in release of 
vesicle content. After the fusion, the cis-SNARE complex binds to NSF trough α-
SNAP, which destabilizes the zippering and allows the recycle mechanisms of the 
cell to start working. Only the conformed SNARE complex can bind α-SNAP and 
NSF and because of this specificity has this name (Jahn and Fasshauer, 2012). 
6.2. SNARE proteins: Synaptobrevin-2, SNAP-25 and Syntaxin-1a 
SNARE complex integrates Synaptobrevin, SNAP-25 and Syntaxin-1A, which 
are the essential core in SVs exocytosis. Nevertheless, after many studies, it has 
been confirmed that the SNARE itself is not enough for the fusion to take place; 
instead, some more proteins are needed to allow the synaptic membrane fusion. 
The best known of this “complementary proteins” are Synaptotagmin, Complexin, 
Munc13 and Munc18-1 (Jahn and Fasshauer, 2012). Proteins explained in the 
following sections are represented graphically in Figure 8. 
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Synaptobrevin (Syb, also called VAMP or v-SNARE) is a small integral 
membrane protein that belongs to vesicle-associated membrane protein (VAMP) 
family. The isoforms I and II (Syb-1 and Syb-2) are widely distributed in both CNS 
(Raptis et al., 2005) and PNS (Li et al., 1996), being Syb-2 the most studied isoform. 
It is a protein of about 18 kDa and is anchored into the membrane of the SVs, 
which have to be exocytated. It works by identifying the target membrane because 
it has associated with both Syntaxin-1A and SNAP-25 (together called t-SNARE) 
(Pobbati et al. 2006). 
Syb-2, has one SNARE domain, which is connected by a linker domain to the 
C-terminal transmembrane region (TMR) (Figure 8). It has been proved that the 
TMRs, together with the linkers add stability to the SNARE complexes and 
resistance versus denaturalization procedures. TMR domain being free reduces 
the stability of the SNARE complex because it makes interferences in the 
conformation of the quadruple helix. 
6.2.2. Syntaxin-1A 
Syntaxin family members are t-SNAREs and share three common features: 
an NH2- terminal regulatory domain composed of three α-helixes called the Habc 
domain, a SNARE motif, and a COOH-terminal transmembrane anchor (Figure 8). 
In those syntaxins involved in exocytosis, the Habc domain folds back on the central 
helix of the SNARE motif to generate a closed and inactive conformation 
(Dulubova et al. 1999; Munson et al. 2000). 
Syntaxin isoform in the PNS, Syntaxin-1A, weights about 33 kDa and 
contains only one SNARE domain located just before the linker and C-terminal 
TMR domain. In the N-terminal extreme Syntaxin-1A has a triple helix bundle 
known as Habc domain or N-peptide which can form a tight complex with the 
neuronal SM proteins (Fernandez et al., 1998). Munc-18-1 is a SNARE regulator 
proposed to maintain mammalian Syntaxin-1A in a closed conformation. Syntaxin-
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1A in conjugation with Munc18-1, fold back onto the SNARE motif, forming a 
“closed conformation” that prevents Syntaxin-1A from forming the core complex 
with Syb-2 and SNAP-25. Thus, Syntaxin-1A must have a conformational change to 
switch between its complex with Munc18-1 and the core complex.  
6.2.3. SNAP-25  
SNAP-25 (synaptosomal-associated protein of 25 kDa) is a component of 
the SNARE complex, which is involved in the exocytotic release of NTs during 
synaptic transmission (Südhof, 2004; Milovanovic and Jahn, 2015). When SNAP-25 
is absent, it has been shown that vesicle docking at the presynaptic  AZs persists, 
but the pool of primed vesicles for release is empty, and fast calcium-triggered 
exocytosis is abolished (Sørensen et al., 2003). In addition, SNAP-25 has an 
important role in the vesicle docking and priming, provided by the calcium-
dependent interaction with Syt1, as well as in triggering fast exocytosis 
(Mohrmann et al. 2013). It is unique among the other SNAREs as it contributes two 
70 aa SNARE motifs linked by a loop with palmitate-modified cysteine residues to 
be attached to the terminal (or target) membrane (Gonzalo et al. 1999). Its two 
SNARE domains (figure 8) interact with the SNARE domains from the Syb-2 and 
Syntaxin-1A (Figure 9). SNARE motifs are largely unstructured but spontaneously 
assemble into helical SNARE complexes. SNAP-25 is about 206 aa residues long 
and does not carry any other domain (Stein et al., 2009). 
SNAP-25 is a PKC substrate in vivo (Shimazaki et al., 1996; Kataoka et al., 
2000). The PKC phosphorylation site in SNAP-25 has been mapped to the serine 
187 (Ser-187), in a region of critical importance in calcium-triggered exocytosis 
(Weinberger and Gerst, 2004). It seems that the level of phosphorylated SNAP-25 
in resting cells is low but a partial phosphorylation is seen when [Ca2+] is increased 
(Nagy et al., 2002). Several results support the hypothesis that PKC 
phosphorylation of SNAP-25 is required for fast vesicle pool refilling in response to 
synaptic activity or elevated intracellular calcium concentration. It has been 
proposed that vesicle refilling and pool size would be coordinately controlled by 
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phosphorylation of SNAP-25 via two different signal pathways. Protein kinase A 
(PKA) phosphorylation of SNAP-25 at threonine-138 (Thr-138) controls the size of 
the releasable vesicle pools, whereas PKC phosphorylation of SNAP-25 at Ser-187 
is involved in regulating refilling after the pools have been emptied (Nagy et al., 
2002; Leenders and Sheng, 2005a). In addition, SNARE complex formation by 
purified recombinant SNAP-25, Syntaxin-1A, and Syb-2 in vitro is inhibited or 
promoted as a result of the phosphorylation on Thr-138 by PKA or at Ser-187 by 
PKC, respectively. Thus suggest that SNAP-25 phosphorylation by PKA or PKC 
contributes differentially to the control of exocytosis by regulating SNARE complex 
formation (Gao et al. 2016).  
6.3. The complementary SNARE proteins: SNARE regulators 
Although SNARE proteins can provoke the release of NTs in vitro by their 
own (Weber et al., 1998), additional protein are required for vesicle transport and 
fusion, regulation of the speed and the precision of the Ca2+ dependent NT release 
in vivo (Guo et al., 2000). These “accessory proteins” are many, but 
Synaptotagmin, Complexin, Munc18-1 and Munc-13 are especially significant, and 
the set of all of them confer onto synaptic exocytosis its uniquely exquisite 
regulation (reviewed in (Brunger, 2005; Rizo and Rosenmund, 2008; Sørensen, 
2009; Südhof and Rothman, 2009). Munc18-1 belongs to SM family of proteins 
which are proposed the essential proteins for activation of SNARE-complex 
assembly at the vesicle-fusion step (Waters and Hughson, 2000). Hence, these SM 
proteins will be extensively explained in the next chapter. 
6.3.1. Synaptotagmin-1  
Synaptotagmin-1 is a 65 kDa vesicular membrane protein, also known as 
Syt1, which is believed to be the key regulator for the temporal control of SNARE-
dependent SV fusion (Chapman, 2002; Südhof, 2004; Rizo and Rosenmund, 2008). 
Syt1 belongs a family of fifteen membrane-trafficking proteins that are 
characterized by an N-terminal TMR, which serves as a vesicular anchor and two 
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calcium-binding domains (C2A and C2B) (Figure 8). These domains contains the 
loop region in the C-terminal ending which permits the regulation of its activity 
trough calcium binding, which are connected by a flexible linker and able to bind 
three and two Ca2+ ions, respectively (Rizo and Südhof, 2002). Syt1 changes 
conformation upon Ca2+ binding and triggers the fast fusion and subsequent NT 
release (Lee et al. 2010; Yoshihara and Littleton 2002). The two C2 domains are 
homologous to the C2 regulatory region of PKC (Perin et al., 1991).  
It is activated by calcium dependent PKCs through specific phosphorylation 
at Thr-112 residue. Then, Syt1 binds the Ca2+ through its C2 domains. The C2 
domains can bind PIP2 (Phosphatidylinositol 4,5-bisphosphate, a minor 
phospholipid component of cell membranes in PM) in both a Ca2+ -independent 
manner, through a stretch of polybasic amino acids, and in a Ca2+ -dependent 
manner at the Ca2+ - binding pocket (Araç et al., 2006; Radhakrishnan et al., 2009; 
van den Bogaart et al., 2011). This interaction provokes a conformational change 
that makes the protein to bend inside the target membrane and it gets linked to 
the SNARE proteins, which favours the merge of the target and vesicular 
membranes (Caccin et al. 2015; Chapman 2008; Choi et al. 2010; Kim et al. 2012).   
Overall, Syt1 participates in most steps of membrane fusion process via 
interacting with SNARE proteins and membrane. Syt1 largely enhanced vesicle 
docking via interacting with t-SNARE and PIP2 (Hui et al. 2009; Kim et al. 2012; Lai 
and Shin 2012). In the step of vesicle priming and lipid mixing, Syt1/Ca2+ 
penetrates into membrane, generate positive curvature, and bring two opposition 
membrane closer (Hui et al., 2009). Accordingly, SNARE zippering is facilitated by 
Syt1 shorten the distance between two membranes (van den Bogaart et al., 2011). 
In the final fusion pore opening step, Syt1/Ca2+ initiate the process and expand 
that with Complexin.  
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6.3.2. Complexin  
Complexins, (Cplxs), constitute a family of cytosolic proteins of about 15-20 
kDa, which bind the SNARE complex and have the capacity of promoting and 
clamping the exocytosis depending on their spatial conformation, which changes 
subjected to the environment. They positively regulate a late, post-priming step in 
Ca2+ -triggered synchronous NT release, but the underlying molecular mechanisms 
are unclear. In mammals, the Cplx family consists of four members (Cplx-1 to -4) 
which are ubiquitous in the organisms and have a highest presence in the CNS 
(Xue et al., 2008). The Cplx-1 isoform is the one that binds tightly to the SNARE 
both if it is in a partial assembled form to help stabilize the structure or in its 
complete form to regulate the level of exocytosis accomplished. Other isoforms 
have less affinity and because of that their function is minor (Mohrmann et al. 
2015; Xue et al. 2007).  
Complexin 1 (Cplx-1), also called synaphin-2, contains 134 aa and consists 
of four domains (Figure 8). The N-terminal domain, which is required for activation 
of synchronous Ca2+ -triggered release. The α-helical motif, which is located near 
the center of the protein and bind to the SNARE complex, contains two domains: 
the central helix domain (Cplxcen) and the accessory α-helix domain (Cplxacc) (Chen 
et al. 2002). The Cplxcen binds the SNARE complex independently of its 
conformation is partial or complete, and is required for all functions of Cplx-1. The 
Cplxacc are entirely dispensable for activation of Ca2+ -triggered SV fusion and is 
essential for regulation of spontaneous release. Cplxacc, initially (when exocytosis is 
clamped) is in an angle that positions it distant of the SNARE complex. When, 
through calcium binding, Syt1 gets activated and changes its conformation, it 
provokes a conformational change in the Cplx-1 protein which drives Cplxacc to a 
parallel position in relation with the SNARE complex, and this possibilities an 
interaction that is thought to trigger the exocytosis (Krishnakumar et al., 2011). 
Finally, the C-terminal domain is involved in vesicle priming and binds to anionic 
membranes with curvature sensitivity (Xue et al., 2007; Brose, 2008; Choi et al., 
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2016). In all, Cplx-1, together with Syt1, regulates spontaneous and synchronized 
fast SV fusion (Yoon et al., 2008). 
However, numerous studies have shown apparent discrepancies of the 
physiological role of Cplx in the NT release, demonstrating a differential function 
between species. The extensive analysis of their different domains in several 
species has shown that Cplxs have both inhibitory and facilitative functions (Brose, 
2008; Xue et al., 2008; Trimbuch and Rosenmund, 2016). Most of the recent 
discussion has focused mainly on two questions. On the one hand, to understand 
the physiological relevance of a multiple role for Cplxs in SV priming, as well as the 
facilitation and inhibition of NT release. On the other hand, resolve the complex 
molecular interactions of Cplxs with the SNARE complex and with the Ca2+ -sensor 
Syt1 (Brose, 2008; Sørensen, 2009; Südhof and Rothman, 2009; Trimbuch and 
Rosenmund, 2016).  
In summary, the functional role of Cplxs in mammalian neurons is still 
heavily debated. It seems clear the idea that Cplx has evolved differently in 
different species to optimize coding at synapses.  Surely once the subtle structural 
variations in these individual domains are better studied, the general function of 
this molecule in different organisms can be determined more accurately 
(Trimbuch and Rosenmund, 2016).   
6.3.3. Munc13  
Munc13 (Mammalian Unc13) is an exocytosis involved protein of about 200 
kDa from presynaptic AZs that also have a crucial function in NT release. Detailed 
physiological and morphological studies have shown that Munc13 is involved in 
docking and priming of SVs, suggesting that Munc13 acts as a key switch that acts 
on the release machinery. It works by modulating the action of important 
exocytotic proteins such as Munc18-1 through its most C-terminal domain called 
MUN. The proteins that contain the MUN domain are members of the CATCHR 
(Complex Associated with Tethering Containing Helical Rod) family of proteins and 
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work in various trafficking steps (James and Martin, 2013). Next to MUN domain 
proteins, this family consists of the Dsl1 complex, Conserved Oligomeric Golgi 
complex, Golgi-associated retrograde protein complex and exocytotic complexes 
that help tether the vesicle to the membrane. Munc13 proteins have two principal 
functions at the AZ: to prime the SNARE/SM protein fusion machinery for 
exocytosis, thus rendering SVs fusion competent, and to mediate short-term 
plasticity by regulating this priming activity (Südhof, 2012). Crystallized structures 
have shown that Munc13 has multiple domains (Figure 8): MUN, which integrates 
four different subdomains named from A to D and is the one which gives the 
principal function to the protein; in the N-terminal it has two C2 domains (C2A and 
C2B) and also in the C-terminal there is another C2 domain (C2C) which bind 
calcium. The first C2A domain provides a link to Rab3-interacting molecules 
(RIMs), large Rab3 effectors that have multiple roles in additional forms of 
presynaptic plasticity (Rizo and Südhof 2012). Between the two N-terminal C2 
domains there is a CaMb domanin (Calmodulin binding domain) and a C1 domain 
which binds diacylglycerols (DAGs) in this order. This makes us think this protein is 
highly regulated by calcium. These additional domains probably controls diverse 
forms of regulation of release during presynaptic plasticity, likely by modulating 
the key function of the MUN domain (Rizo and Xu, 2015).  In reference to the MUN 
domain it has been found to interact with membrane-anchored SNARE complexes 
and Syntaxin-1A–SNAP-25 heterodimers (Guan et al. 2008; Weninger et al. 2008), 
and also to bind weakly to Munc18-1 and to the Syntaxin-1A SNARE motif (Ma et 
al., 2011). Thus, these recent studies have proposed that MUN domain is the 
responsible of accelerating the conformational change of Munc18-1 which permits 
the modification of Syntaxin-1A from the closed form to the open one to complete 
SNARE complex formation and possibilities the triggering of exocytosis (Yang et al. 
2015). 
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Figure 8. Domains of the SNAREs and the principal proteins implicated in the synaptic 
vesicles exocytosis.  
7. SEC1/MUNC18 (SM) FAMILY OF PROTEINS 
All types of intracellular membrane fusion that are controlled by SNAREs 
also depend on SM proteins, and the absence of the respective SM proteins 
generally leads to a block in membrane fusion (Toonen and Verhage, 2007; Südhof 
and Rothman, 2009; Carr and Rizo, 2010). The members of the SM family of 
proteins are essential component of the vesicle fusion machinery and exert their 
function at the post-docking step prior to fusion. Different family members 
participate in different vesicle trafficking steps. The family is composed of proteins 
that are soluble, but are also found on the membrane where they work in close 
collaboration with the SNARE proteins, in particular the syntaxins (Qa-SNARE) 
(Rizo and Südhof, 2002; Toonen and Verhage, 2007; Carr and Rizo, 2010). Their 
importance has been reported in numerous studies and their absence observed in 
Munc18-1 knockout mice leads the total abrogation of NT release (Verhage et al. 
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2000), and multiple studies have suggested that Munc18-1 is involved in synaptic 
vesicle docking, priming, and fusion (Toonen and Verhage, 2007; Südhof and 
Rothman, 2009; Carr and Rizo, 2010). Multiple types of interactions between 
Munc18-1 and the neuronal SNAREs, particularly Syntaxin-1A, mediate these 
diverse functions, at least in part. Thus, Munc18-1 binds tightly to Syntaxin-1A 
folded in the closed conformation (Misura et al. 2000), to the Syntaxin-1A N-
terminal region through both the N-peptide and the Habc domain and to the four-
helix bundle of the SNARE complex (Deák et al. 2009; Rizo and Xu 2015; Xu et al. 
2010). 
Munc18-1 (mammalian uncoordinated-18) was the first SM protein to be 
found (Dulubova et al. 1999; Misura et al. 2000) and has been confirmed as an 
essential protein for the neurotransmission to take place and that together with 
the SNARE proteins forms the essential machinery of fusion for synaptic 
exocytosis. It is a cytosolic protein of about 70 kDa (~600 aa residues) that in the 
PNS can be found in the entire axonal route. It has five functional domains (d1, 
d2a and d2b and d3a and d3b) which give to the entire protein its concrete 
functions (Figure 8).  
7.1. Molecular role of SM proteins: Munc18-1/SNARE complex assemblies 
Despite many years of intensive research there is still some controversy 
over the molecular mechanism of SM proteins (Rizo and Südhof, 2002; Toonen 
and Verhage, 2007; Südhof and Rothman, 2009; Carr and Rizo, 2010). Loss-of-
function mutations for all different SM protein members show comparable 
phenotypes as they lead to very severe impairment of vesicle docking and fusion. 
This strongly suggests that all types of SM proteins are essential for the last step in 
vesicle trafficking. As outlined earlier, the core fusion machinery is through to 
consist of SNARE proteins that assemble between vesicle and target membrane, a 
reaction that eventually leads to membrane merger. The neuronal SM protein 
Munc18-1 was discovered as a binding partner of Syntaxin-1A, and when the 
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crystal structure of Munc18-1/Syntaxin-1A complex was solved, it was discovered 
that Munc18-1 arrests Syntaxin-1A in a tight closed conformation (Misura et al. 
2000). Then this interaction was investigated in more detail. These studies 
revealed that Munc18-1 has been wrapped in a functionality paradox because of 
its interaction with Syntaxin-1A closed form. On the one hand, in vitro studies 
revealed that the binding of Munc18-1 to Syntaxin-1A prevented Syntaxin-1A from 
forming a SNARE complex with its partner SNAREs SNAP-25 and Syb-2 (Dulubova 
et al. 1999; Pevsner et al. 1994; Yang et al. 2000). On the other hand in vivo 
Munc18-1 knock-out mice studies revealed the SNARE doesn’t form and the 
neurotransmission is completely omitted (more than even in SNAP-25 or Syb-2 
knock-outs) (Gulyás-Kovács et al. 2007; Verhage et al. 2000). It was speculated 
that the true activity of Munc18-1 is to bind to the ensemble SNARE complex in 
order to help this process or to directly participate in membrane fusion (Shen et 
al., 2007; Rizo and Rosenmund, 2008; Deák et al., 2009; Südhof and Rothman, 
2009). 
The interactions between some of its domains result in an arch shape, 
which has been conserved through evolution. Domain 1 and 3a form a cavity that 
allows Syntaxin-1A closed form to bind in a tightly way as it is in contact with the 
N-peptide. At the same time, the N-peptide is also capable of binding the opposite 
surface (which strengthens the union). On the other side, when the SNARE 
complex binds Munc18-1, it does it through the 3a external surface or the same 
cavity. These multiple possibilities of union are thought to regulate different 
precise functions that can be either stimulatory or inhibitory (Rizo and Südhof, 
2012; Rizo and Xu, 2015).   
Moreover, several studies have converged on the conclusion that the 
essential stimulating function of Munc18-1 in secretion involves domain 3a (Boyd 
et al. 2008; Han et al. 2013, 2014; Hu et al. 2011; Parisotto et al. 2014). This is 
further supported by the effect of PKC phosphorylation of residues within the 
domain 3a, which promotes vesicle priming (Nili et al., 2006). This 3a domain may 
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undergo a conformational change from a folded-back “closed” helical hairpin to an 
extended “open” helical hairpin where the aa stretch from 324 to 339 extends 
helix 12. Thus, these conformational change in domain 3a can coincide with the 
transition from the closed to the open Syntaxin-1A and promote SNARE complex 
assembly (Parisotto et al. 2014) and vesicle priming (Munch et al., 2016). 
Moreover, helix 12 contains residues that interact with part of the syb-2 SNARE 
domain (Baker et al. 2015; Xu et al. 2010), raising the possibility that the extended 
helix forms a template to structure syb-2 (Parisotto et al. 2014). 
It has been determined by multiple studies that Munc18-1 is implied in 
exocytosis by interacting with proteins basically in two ways. Different 
experiments have proposed many models to explain how Munc18-1 works. 
Nowadays is accepted a compilation of several of them (Rizo and Südhof, 2012; 
Rizo and Xu, 2015) which proposes that Munc18-1 has two principal roles. On the 
one hand, it clamps the NT release because it binds to closed Syntaxin-1A by its N-
terminal domain Habc. This stabilizes that protein but also inhibits the assembly of 
the SNARE complex and vesicle docking. On the other hand, when Ca2+ triggers 
neurotransmission, it also provokes an effect on Munc13, which causes the 
opening of Syntaxin-1A. Because of that, Munc18-1, which initially was bound to 
Syntaxin-1A, translocates itself to bind the heterodimer Syntaxin/SNAP-25 so, it 
binds to vesicle and terminal membranes implicated in the merge to help in the 
assembly of the complete SNARE complex. The translocation may be helped by 
interactions with the membranes or by allosteric activation and phosphorylations 
derived from PKCs activation (Dulubova et al. 2007; Südhof and Rothman 2009; de 
Vries et al. 2000). As a result, Munc18-1 is essential to permit the exocytosis by 
favoring the correct formation of SNARE but, at the same time, is a mechanism 
which permits an accurate regulation of the synaptic exocytosis by preventing the 
premature SNARE formation as it establishes an energy barrier (Dulubova et al. 
2007; Jahn and Fasshauer 2012; Khvotchev et al. 2007; Shen et al. 2007). 
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Due to the importance of Munc18-1 in the modulation of synaptic 
exocytosis, it is necessary to guarantee the correct regulation of itself. To enable 
this regulation, Munc18-1 has two consensus sites that correspond to Serine 
residues (Ser-306 and Ser-313) which are a phosphorylation point for PKCs. It is 
thought that this phosphorylation procedure takes place during the depolarization 
of the membrane when the transmission impulse arrives at the terminal button. It 
is important to take into account that PKCs not only phosphorylate Munc18-1; 
instead, they also phosphorylate SNAP-25 and Syt1 and ion channels like voltage-
gated K+ and Ca2+ channels (Genc et al., 2014a). 
 
Figure 9. Schematic representation of membrane fusion machinery. Munc18-1 (purple), 
Syntaxin (yellow and orange), Synaptobrevin-2 (Syb-2, red), SNAP-25 (green), Munc-13 
(dark red), Synaptotagmin-1 (Syt1, blue) and Complexin (Cplx, orange and pink). A) 1. Syb-2 
and SNAP-25 are in a coiled coil form while Syntaxin is closed because of being associated 
with Munc18-1. 2. Munc18-1 bound the partially assembled SNARE complexes while 
Munc13 permits the membranes to be closed together. 3. The complete SNARE formation 
permits the fusion pore to open. B) 1. Syt1 and Cplx are linked to the SNARE complex. 2. 
Once calcium influx arrives Cplx and Syt1 change their conformation and favour membranes 
fusion. Source: Adapted from Rizo and Xu 2015. 
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8. REGULATION OF EXOCYTOSIS: ROLE OF PROTEIN KINASES C 
SNARE proteins themselves are not capable to complete neurotransmitter 
release; instead, other molecules are involved. Firstly, cytoskeleton and motor 
proteins have to be bound to SVs to transport them to the AZs (Bombardier and 
Munson, 2015). Moreover, it has been shown that the regulation of exocytosis and 
various forms of synaptic plasticity is mediated by different proteins such as 
protein kinases A and C, as protein phosphorylation has a key role in exocytosis 
(Morgan et al., 2005). 
PKCs affect exocytosis through the phosphorylation of different proteins as 
voltage-gated K+ channels and Ca2+ channels (Zamponi et al., 1997), maintaining 
vesicle pools and phosphorylating the SNARE complex proteins SNAP-25, Syntaxin-
1A, Syt1 (Shimazaki et al., 1996; Hilfiker et al., 1999) and the complementary 
proteins. One of those complementary proteins that is especially important is 
Munc18-1 (introduced before), which has to be phosphorylated by PKC in vitro on 
Ser-306 and Ser-313 to permit NT release (Tanaka and Nishizuka, 1994; Majewski 
and Iannazzo, 1998; Barrett and Rittenhouse, 2000; Leenders and Sheng, 2005a).  
8.1. Protein kinase C 
8.1.1. PKC structure and function 
Protein kinases C are members of the superfamily serine/threonine 
(Ser/Thr) protein kinase enzymes, the AGC kinases, which are widely distributed in 
all cells (Lanuza et al. 2014; Obis et al. 2015a; Santafé et al. 2007). These proteins 
can exist both in a soluble state in the cytosol and as a membrane-anchored 
protein. PKC members play a key role in the regulation of multiple cellular 
pathways including proliferation, migration, differentiation, apoptosis, platelet 
activation, rearrangements of the actin cytoskeleton, ion channel modulation, 
secretion, neurotransmission and neuronal plasticity (Antal and Newton 2014; 
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Lanuza et al. 2014; Tanaka and Nishizuka 1994; Tomàs et al. 2014). Given its 
relevant role to cellular signaling mechanisms, the study of the intracellular 
pathways in where they are involved is particularly important. Moreover, PKCs are 
remarkable targets to provide pharmacological tools for fighting against 
pathologies (Blumberg, 1988) due to the fact that they are activated by tumor-
promoting phorbol esters such as phorbol 12-myristate 13-acetate (PMA) which 
mimics their activation mechanism (Castagna et al., 1982; Ashendel, 1985; 
Steinberg, 2008). 
PKCs were originally defined as proenzymes needed to be proteolitically 
cleaved to acquire its kinase activity and the ability to phosphorylate substrates. 
Then, it was shown that PKCs could be activated by DAG in a Ca2+ -dependent 
manner (Inoue et al., 1977; Takai et al., 1979). Subsequently, it was established 
that PKCs consists of 10 isozymes divided into three sub-families based on their 
second messenger mode of regulation (Steinberg, 2008). 
Classical PKC (cPKC) sub-family (or conventional): comprises PKCα, βI, βII and γ 
isoforms that require DAG as the primary activator along with 
phosphatidylserine (PS) and Ca2+ as cofactors of activation. 
Novel PKC (nPKC) sub-family: comprises PKCδ, PKCε, PKCθ and PKCη and are 
regulated by DAG and PS but do not require Ca2+ for activation.  
Atypical PKC (aPKC) sub-family: comprises PKCζ and PKCι (PKCλ in mouse) and 
their activity is stimulated only by PS and not by DAG and Ca2+. 
All protein kinases share a similar structure. In the C-terminal part, there is 
a highly conserved catalytic kinase domain with a motif for ATP/substrate-binding 
and catalysis. In the N-terminal there is the regulatory domain which contains the 
C1 and C2 motifs that bind to a pseudosubstrate (a mimetic peptide which 
resembles a PKC substrate but that contains an alanine inset of the Ser/Thr 
phosphoacceptor site). The regulatory domain is isoform-specific and allow PKCs 
to assemble specific responses to different stimuli. It takes part in maintaining the 
enzyme in an inactive conformation and serves as a target identifier for cellular 
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locations. Moreover, it mediates protein-protein interactions. These two domains 
bind together by a hinge region, which is composed of five variable regions 
(termed V1-V5) which are also isoform-specific.  
 
Figure 10. Primary structure and relative ligand-responsiveness of PKC family proteins. 
Domain structure of PKC family members, showing autoinhibitory pseudosubstrate 
segment (olive green), C1 -  domain (orange), C2 domain (yellow), kinase core (cyan) and C-
terminal tail (dark blue); the activation loop (pink), turn motif (orange) and hydrophobic 
motif (green) phosphorylation sites are also indicated. The ligands that bind to each 
subfamily, along with their relative affinities, are indicated. Source: Wu-zhang and Newton, 
2013. 
8.1.2. Signal propagation 
In order for PKC achieve full catalytic competency to effectively transduce 
extracellular signals to downstream targets, PKC must be properly primed and 
positioned for optimal signaling. Perturbation of the phosphorylation state, 
conformation, or localization of PKC can disrupt these signaling events, leading to 
altered physiological states found in some diseases (Blumberg, 1988). 
Before PKC responds to lipid second messengers the enzyme must undergo 
a multi-step maturation process (priming), corresponding to three properly 
ordered phosphorylations. These priming phosphorylations correspond to 
different regions of the catalytic domain: the activation loop (AL), turn motif (TM), 
and hydrophobic motif (HM) in cPKCs and nPKCs. For aPKC, only AL and TM 
phosphorylations are required, as the HM contains a phosphomimetic glutamate 
(Keranen et al. 1995; Newton 2001). AL phosphorylation is catalyzed in vivo by 3-
UNIVERSITAT ROVIRA I VIRGILI 
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS 
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI 
Anna Simó Ollé 




phosphoinositide dependent kinase 1 (PDK1) and is required for maximal PKC 
catalytic activity (Dutil et al. 1998; Le Good et al. 1998). Autophosphorylation of 
the TM and HM is triggered after PDK1 phosphorylation of AL. Priming 
phosphorylations contribute to the formation of a catalytically competent kinase 
structure, ready to be activated through the modulation of its regulatory domain. 
Loss of one priming phosphorylation sensitizes other priming sites, which triggers 
a general destabilization of the fold of the kinase domain (Bornancin and Parker, 
1996). Once PKC is fully primed, the pseudosubstrate keeps PKC inhibited until 
required. In summary, PKC catalytic activity is dependent on two main factors: the 
priming of the AL, TM and HM phosphorylation sites and the release of the 
autoinhibitory pseudosubstrate from the substrate-binding cleft. 
The activation mechanism of PKCs in cells occurs when they are 
translocated from the cytosol (where they are inactive with the pseudosubstrate 
docked in the substrate binding cleft) to cellular membranes (Dutil and Newton, 
2000). PKC activation is triggered by the union of different ligands to their 
receptors that resulted in phospholipase C (PLC) activation. These enzyme 
hydrolyzes PIP2 to generate the membrane-bound second messenger DAG and 
inositol trisphosphate (IP3) (Nishizuka, 1988). IP3 mobilizes intracellular Ca2+. These 
second messengers, Ca2+ and DAG, initiate the membrane translocation and 
activation of PKC (König et al. 1985; Newton 1993). High [Ca2+] affect numerous 
intracellular processes including the migration of some PKC isoforms to the PM, 
where DAG can activate them. Many PKCs are also pharmacologically activated by 
tumor-promoting phorbol esters such as PMA, which are potent analogues of 
DAG, that anchor PKCs in their active conformations to membranes (Sharkey et al. 
1984; Steinberg 2008) 
cPKC and nPKC isoforms contain two C1 domains (C1A and C1B) in their 
regulatory domain. These domains bind the second messenger DAG, promoting 
their association with hydrophobic lipids in the PM (Kazanietz et al., 1995; Mosior 
and Newton, 1995). Phorbol ester (PE) compounds bind the C1 domain in a similar 
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manner to DAG (Sharkey et al. 1984). The aPKC also contains a C1 domain, 
referred to as an atypical C1 domain because it does not respond to either DAG or 
PE (Ono et al., 1989; Ways et al., 1992).  
The cPKC and nPKC isoforms also contain a C2 domain. The C2 domain of 
the cPKCs associates with the acidic phospholipid PS at the PM in a Ca2+-
dependent manner (Bazzi and Nelsestuen, 1990; Luo et al., 1993). The nPKC C2 
domain also associates with acidic phospholipids in the PM, though the nPKC C2 
domain lacks a Ca2+ -binding site and its affinity for PS is therefore Ca2+-
independent (Ponting and Parker, 1996).  
In both cPKC and nPKC isozymes, the second messenger-bound C1 and C2 
domains co-operate in localizing PKC to the PM. This results in the release of the 
pseudosubstrate from the substrate-binding cleft. The pseudosubstrate then likely 
associates with acidic phospholipids in the PM, stabilizing the active PKC 
conformation (Mosior and McLaughlin, 1991). 
For cPKC and nPKC isozymes, once DAG is metabolized, the PKC regulatory 
domains can be released from the PM and once again allow autoinhibition of PKC 
in the cytosol (Bazzi and Nelsestuen, 1989). PKC is also susceptible to proteolytic 
cleavage when membrane-bound, which produces a constitutively active PKC 
kinase domain (Inoue et al., 1977). Additionally, the PKC kinase domain 
phosphorylations are susceptible to phosphatase attack by PP2A (Hansra et al., 
1996) and PHLPP (Gao et al. 2008) at the membrane.  
In summary, in the case of cPKCs, Ca2+ binds the C2 domain and pretargets 
PKC to the membrane, allowing the C1 domain to more effectively find its 
membrane-embedded ligand, DAG. The coordinated engagement of both the C1 
and C2 domain on membranes provides the energy to release the autoinhibitory 
pseudo-substrate (Xu et al. 2004). Thus, when PKC has an open conformation 
binds its substrates and initiates downstream signaling events. The nPKCs, due to 
not having a calcium-binding C2 domain, and therefore lacking the membrane 
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mechanism of pretarget, these isoforms compensate it by having a C1 domain that 
binds to membranes containing DAG with higher affinity than the C1 domain of 
cPKCs, being the C1B domain the main determinant of membrane binding. Finally, 
the aPKCs have only a single C1 domain that binds PIP3 or ceramide, but not DAG 
or calcium (Antal and Newton 2014; Newton 2009). 
 
Figure 11. Regulation of conventional and novel protein kinase C. A) Life cycle model of 
cPKC. (i) Unprimed cPKC is in a membrane-associated, open conformation in which C1A, 
C1B and C2 domains are fully exposed. (ii) Upon priming phosphorylation (P) at its AL (pink 
circle) by PDK-1, followed by P at the TM (orange circle) and the HM (green circle), cPKC 
adopts a closed conformation in which the C2 domain interfaces with the kinase domain 
and traps the pseudosubstrate into the substrate-binding site, both C1 domains become 
masked, and the primed enzyme localizes to the cytosol. This ensures efficient suppression 
of activity in the absence of appropriate stimuli. (iii) In response to agonists that promote 
PIP2 hydrolysis, cPKC is recruited to the PM in a Ca2+ -dependent manner. (iv) Membrane-
targeted PKC binds DAG, predominantly via the C1B domain, thereby activating PKC. (v) 
Dephosphorylation of activated cPKC allows it to regain the open conformation of unprimed 
PKC. (vi) cPKC-ubiquitination leads to its degradation. (B) Life cycle model of nPKC. (i) 
Unprimed nPKC is also in an open conformation that associates with membranes. (ii) 
Priming Ps induce a closed conformation with both C1 domains masked. (iii) In response to 
agonists that produce DAG, nPKC is recruited to and activated at the DAG-rich Golgi via its 
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C1B domain. (iv) Activated nPKC is dephosphorylated, (v) ubiquitinated and degraded. (vi) 
PKCδ can also be activated by tyrosine P and caspase cleavage. (vii) Nuclear-localized PKCδ 
can induce apoptosis. (Activation loop (AL), turn motif (TM), and hydrophobic motif (HM)). 
Source: Antal and Newton 2014.  
8.1.3. Scaffolding proteins: RACKs 
Given the large overlap in potential PKC isoform substrates, the functional 
specificity in PKC signaling is achieved by proper spatial localization (Yedovitzky et 
al., 1997). Some isoforms of the PKC family are specifically related with the release 
of neurotransmitters in the presynaptic terminal while others are commonly found 
in the postsynaptic component regulating AChRs stability (Lanuza et al. 2014; Obis 
et al. 2015b). This specific distribution is achieved by scaffolding proteins, which 
position PKC near its activators and substrates or at a particular cellular 
compartment, which allow for isozyme-specific signaling. The proteins responsible 
for binding to activated PKC and thus regulating its activity are RACKs (receptors 
for activated C-kinase) (Morgan et al. 2005; Snyder et al. 2006). This interaction is 
mediated by the C2 domain (Kheifets and Mochly-Rosen, 2007).  
RACKs are very important for distribution and classification of the PKCs, and 
also are the molecules which permit the binding of phosphorylated PKC to the 
membrane so they can be active and do their function. Once PKCs are mature and 
activated, phosphorylated PKCs can bind to the membrane through these RACK 
proteins and, from there, they can phosphorylate their different target proteins. 
Different PKC isozymes bind to specific RACKs to target them to their proper 
location for cellular function. Mutation of the RACK binding site alters PKC 
activation in cells (Kheifets and Mochly-Rosen, 2007). RACKs not only bind PKC but 
also other signaling molecules such as PLCγ, Src, and integrins (Schechtman and 
Mochly-Rosen, 2001). By serving as adaptors for other proteins, RACKs facilitate 
signaling by bringing enzymes in close proximity with their substrates or their 
activators.  
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The understanding how the interaction between PKC and RACK is 
mediated, and due to the importance of the therapeutic potential of PKC in 
different diseases, has allowed designing different activators and inhibitors of PKC 
over the years. In order to achieve a better understanding of the specific function 
of each PKC isoform object of study, different inhibitors have been widely used in 
this thesis (see subsection Reagents in Material and Methods section). 
8.2. PKCs in the neurotransmission 
Nowadays, the exocytosis process in the NMJ is quite well established (Rizo 
and Xu, 2015). It is also well documented that presynaptic protein phosphorylation 
by PKCs is an important mechanism that regulates NT release (Genc et al. 2014; 
Hilfiker and Augustine 1999; Katayama et al. 2017; Korogod et al. 2007; Leenders 
and Sheng 2005; Santafé et al. 2005, 2006; Vaughan et al. 1998) but there are still 
doubts in the precise steps of these pathways. At the NMJ, whereas PKA is 
tonically coupled to potentiate ACh release, PKC couples in a regulated manner 
when several activity demands are imposed (Besalduch et al. 2010; Santafé et al. 
2005, 2006, 2009). The fine regulation of neurotransmission in the motor nerve 
terminals is modulated by presynaptic mAChRs (Garcia et al. 2005; Nadal et al. 
2016; Santafé et al. 2006) adenosine receptors (Correia-de-Sá and Ribeiro 1994; 
Garcia et al. 2013; Santafe et al. 2015) and neurotrophin receptors (Hurtado et al. 
2017a; Pitts et al. 2006; Tomàs et al. 2014). In addition, the way that a synapse 
works is largely the logical outcome of the confluence of these metabotropic-
signaling pathways on PKC  (Catterall 1999; Obis et al. 2015a,b; Tanaka and 
Nishizuka 1994; Tomàs et al. 2014). As a consequence, it is sure that PKC family is 
highly involved in the regulation of neurotransmission and because of that it is 
crucial to know which PKC isoforms are involved in it, how do they work and 
where are located at the nerve terminal. 
In the NMJ, synaptic activity depends on the influx of calcium among other 
molecules. Because of that and despite of the remaining doubts in the precise 
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steps, it has been proved that neurotransmission is regulated by presynaptic 
classical and novel PKC isoforms (Besalduch et al. 2010; Santafé et al. 2006; 
Santafé et al. 2005). These isoforms are cPKCβI and nPKCε, which are exclusively 
located in the presynaptic terminal of the NMJ. Their presence and function are 
regulated by postsynaptic contractile activity induced by presynaptic activity, due 
to a neurotrophic feedback through BDNF/TrkB signalling from the postsynaptic 
component (Besalduch et al. 2010; Hurtado et al. 2017a; Obis et al. 2015a,b).  
8.3. Roles of cPKCβI and nPKCε at the NMJ 
The protein kinase C beta I (cPKCβI) isozyme belongs to the family of 
classical PKC which require PS, DAG, and Ca2+ for their activation. It has been 
shown that increased synaptic activity is associated with an increase in the 
activation of classical PKCs and their phosphorylation and that muscle contraction 
is a necessary condition to increase cPKC isozymes in the nerve terminal. It has 
been shown that cPKCβI is exclusively located in the presynaptic terminal 
(Besalduch et al., 2010), and under synaptic activity condition increases its 
phosphorylation in the membrane fraction, where is active (Hurtado et al. 2017b). 
Once that, cPKCβI is able to enhance neurotransmission, being directly involved in 
modulation of calcium-depending ACh release at the NMJ. 
The protein kinase C epsilon (nPKCε) belongs to the novel PKC isozyme 
family, characterized for being Ca2+-independent and DAG-sensitive Ser/Thr 
kinases. nPKCε is highly expressed in the brain and is the most abundant PKC in 
the presynaptic terminal, where it has been identified to modulate NT release 
(Shirai et al. 2008). This PKC isoform is involved in regulating several cellular 
functions like proliferation, differentiation, gene expression, muscle contraction, 
adaptation to mechanical force, inflammatory and immune response. Because of 
this widespread functionality, nPKCε can be found in most tissues but its presence 
is greater in neuronal, hormonal and immune cells (Akita 2002), being especially 
important in the brain and in the PNS. The nPKCε is exclusively located in the 
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presynaptic component of the NMJs, regulated by synaptic activity involving 
muscle contraction through TrkB function to enhance phosphorylation of MARCKs 
(myristoylated alanine-rich C-kinase substrate) and is involved in ACh release 
(Akita, 2002).  
To be able to respond to second messengers, both cPKCβI and nPKCε have 
to be phosphorylated at three points. If they are not or are under-phosphorylated, 
it is immature and remains anchored via its catalytic domain to proteins that keep 
it inactivated. When the isoform is mature, it can be activated by different second 
messengers including DAG, PIP3 or Ca2+ by physiological stimuli (Akita 2002). In the 
case of cPKCβI, it has to be translocated to the membrane and be phosphorylated 
by the PDK1 under synaptic activity conditions to be able to respond to second 
messengers (Akita, 2002) and then to trigger its function that is to enhance 
neurotransmission. 
Therefore, we suggest both nPKCε and cPKCβI isozyme are good PKC 
isoform candidates that could be related with the phosphorylation of Munc18-1, 
SNAP-25 and Synaptotagmin in the presynaptic terminal. Because of this, they 
would have an effect on their activity and, consequently, would have an important 
role in regulating the formation of the SNARE complex and, therefore, modulating 
transmitter release. 
9. RETROGRADE NEUROTROPHIC CONTROL 
Nerves and skeletal muscles interact via two modes of communication: 
electrical activity and neurotrophic regulation (Baldwin et al. 2013; Cisterna et al. 
2014). Nerve impulses generated in the CNS trigger muscle contraction via 
electromechanical coupling. On the other hand, neurotrophic control acts via the 
release of neurotrophic factors, including neurotrophins, and regulates the 
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development, differentiation, survival and function of the nerve terminal (Wang et 
al. 1995; Mantilla et al. 2004; Pitts et al. 2006).  
Neurotrophins are a family of closely related proteins that were identified 
initially as survival factors for sensory and sympathetic neurons, and have since 
been shown to control many aspects of survival, development and function of 
neurons in both the PNS and CNS (Lewin and Barde 1996; Reichardt 2006). Nerve 
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3, 
and neurotrophin-4 (NT-3, NT-4) constitute the protein family of mammalian 
neurotrophins. They are initially synthesized as precursor forms, or 
proneurotrophins, that are cleaved to release C-terminal mature forms 
(Maisonpierre et al., 1991; Mowla et al., 2001). Neurotrophins interact with two 
distinct classes of transmembrane receptors: the smaller low affinity p75NTR 
neurotrophin receptor and the tropomyosin‐related kinase (Trk) receptor, often 
with opposite functional outcomes. These two classes of receptors are activated 
preferentially by proneurotrophins and mature processed neurotrophins, 
respectively. However, both types of receptors also possess neurotrophin-
independent signaling functions (Hempstead, 2006). P75NTR receptor belongs a 
tumor necrosis factor (TNF) superfamily that binds all neurotrophins. Trk receptors 
belongs a superfamily of three high affinity receptor tyrosine (Tyr) kinases (TrkA, 
TrkB and TrkC) which constitutes the second major class of neurotrophin receptors 
in mammals and are well-known, each of which can be activated by one or more 
of four neurotrophins (Figure 12). NGF preferentially binds TrkA, BDNF and NT4 
bind TrkB, and NT-3 binds TrkC (and TrkA to a lesser extent) (Bothwell, 2016). 
Over the years, it has been shown that neurotrophic signaling plays a key 
role in the structural and functional properties of motor units. Moreover, it is well-
known that BDNF/TrkB signaling pathway acutely regulates essential aspects of 
the synaptic transmission at the adult NMJs (Mantilla et al. 2014; Mantilla and 
Ermilov 2012) including NT release through PKC activity (Garcia et al. 2010; Obis et 
al. 2015b; Santafé et al. 2014). 
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Figure 12. Neurotrophins and their receptors. Scheme showing the common structure and 
ligands of Trk and p75NTR receptors. Trk: Tropomyosin-Related Kinase; NGF: Nerve Growth 
Factor; BDNF: Brain-Derived Neurotrophic Factor; NT: Neurotrophin; Ig: Immunoglobulin; 
TM region: Transmembrane region.  
9.1. Brain derived neurotrophic factor 
Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophic 
factor family that plays a key role in regulating survival, growth and maintenance 
in a variety of neurons including dorsal root ganglion cells (Acheson et al. 1995) 
hippocampal and cortical neurons (Acheson et al., 1995), and motoneurons 
(Kishino et al. 1997).  Moreover, BDNF is known to play an important role in 
synaptic function. BDNF is secreted in an activity- and Ca2+-dependent manner. 
The activity-dependent secretion of BDNF may be critically involved in controlling 
synaptic transmission and long-term synaptic plasticity and may represent an 
important mechanism underlying local and synapse-specific modulation by 
BDNF (Kishino et al., 1997). BDNF can induce its own release via a positive 
feedback loop including stimulation of TrkB receptors, activation of PLCγ and 
mobilization of intracellular calcium stores (Canossa et al. 2001). Stimulation of 
metabotropic glutamate receptors can also activate PLCγ and induce calcium 
release from intracellular storages via IP3 resulting in BDNF release  (Canossa et al., 
2001). 
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BDNF exerts its biological effects as a non‐covalently linked homodimer 
with a molecular weight of approximately 30kDa (Canossa et al., 2001). It is 
synthesized as pre-proBDNF, a precursor protein that is further processed in the 
endoplasmic reticulum to proBDNF (Greenberg et al. 2009). The proBDNF isoform 
is then N-glycosylated and glycosulfated (Greenberg et al., 2009). The 
glycosylation increases the stability of proBDNF during processing and subcellular 
trafficking. The pro-domain participates in the proper folding and intracellular 
sorting of BDNF (Mowla et al., 2001). The translated protein is transported to the 
Golgi for sorting into either constitutive or regulated secretory vesicles. ProBDNF is 
subsequently cleaved to produce the mature monomeric form (mBDNF) of 
approximately 13 kDa (Blum and Konnerth 2005), inside the cell in trans-Golgi 
network or post-Golgi compartments by pro- convertases and furin, or outside the 
cell by matrix metalloproteinases (MMP-7) or plasmin (Blum and Konnerth, 2005). 
The processing enzymes in the regulated and constitutive secretion pathways are 
different and the cleavage of BDNF occurs in different subcellular compartments. 
This post-secretory proteolytic processing is essential for efficient TrkB receptor 
activation. The two isoforms induce different and even opposite functions by 
binding the two cell surface receptors, the low-affinity p75NTR or TrkB receptor. 
Specifically, proBDNF has more affinity for p75NTR receptor and mBDNF binds 
preferentially TrkB receptor (Seidah et al., 1996; Pang et al., 2004).  
In vivo BDNF is co-expressed with the cleaved pro-peptide in dense core 
vesicles presynaptically in the hippocampus, indicating that BDNF is cleaved inside 
the vesicles and possibly released together with the cleaved pro-domain (Dieni et 
al. 2012). Since there are enzymes that are able to cleave proBDNF to mBDNF also 
extracellularly, it has been debated whether proBDNF can be released from the 
neurons or if it is processed to mature BDNF in secretory vesicles before release. 
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Figure 13. Brain-derived neurotrophic factor. Scheme of the different domains of BDNF 
along the length of its amino acid (aa) sequence (overall 249 aa; pre-domain: 18 aa; pro-
domain: 112 aa; mature BDNF: 119 aa). Different types of intracellular protein convertases 
(PCs), furin, and plasmin can cleave at position 130 to pro- into the mature form, 
respectively. 
9.2. Tropomyosin receptor kinase B 
TrkB receptor is widely expressed in both the peripheral and central 
nervous systems. It is essential for normal function of the mammalian brain. It has 
three isoforms generated by alternative splicing: TrkA, TrkB and TrkC. All Trk 
receptors have three main parts: extracellular, transmembrane and intracellular 
domains, and are distinguished among other receptor tyrosine kinases by their 
extracellular domain. The intracellular domains of TrkB include a tyrosine kinase 
domain and tyrosine motifs. Tyrosine phosphorylation controls the kinase activity 
of TrkB receptors and can regulate the binding of adaptor molecules to the 
receptor. The catalytic domain inside the tyrosine kinase domain is highly 
conserved among all the receptor tyrosine kinases (Dieni et al., 2012). The 
extracellular domain is composed by an array of three leucine-rich repeats (LRRs), 
flanked by two cysteine-rich domains (C1 and C2) and two immunoglobulin-like 
domains (Ig1 and Ig2). The IgG-like domain adjacent to the transmembrane 
domain acts as a binding site for neurotrophins and determines the ligand 
specificity of the receptor (Urfer et al. 1995). Neurotrophin binding to this domain 
can induce activation of the catalytic tyrosine kinase domain of the receptor. The 
other IgG domain and the leucine- and cysteine-rich repeats also seem to 
participate in ligand binding either directly or by inducing conformational changes 
(Urfer et al., 1995). The LRRs are thought to participate in protein-protein 
interactions. Specifically the second LRR of TrkB seems to bind BDNF (Windisch et 
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al. 1995). Co-expression of p75NTR can alter the extracellular sites of TrkB required 
for BDNF binding (Windisch et al., 1995). In the absence of p75NTR, BDNF binds to 
the IgG-C2 domain of TrkB but when p75NTR and TrkB are expressed together, 
BDNF binding requires the LRR and the cysteine 2 domains. Juxtamembrane 
domain (short sequence of about 80 aa located between the transmembrane and 
tyrosine kinase domain) of TrkB regulates the internalization of the receptor after 
ligand binding (Zaccaro et al., 2001). The extracellular domain of TrkB can be N-
glycosylated, and this glycosylation is required for the localization of the Trk 
receptors to the cell membrane and can inhibit ligand-independent activation of 
the receptor (Sommerfeld et al., 2000). 
There are several alternatively spliced isoforms of TrkB with the same 
affinity to neurotrophins, the full length receptor (TrkB.FL) which contains an 
intracellular tyrosine kinase domain and two truncated TrkB isoforms lacking it 
(TrkB.T1 and TrkB.T2) (Watson et al., 1999). TrkB.FL transduces the crucial effects 
of BDNF signal via Ras-ERK, PI3K, and PLCγ. TrkB.T2 is a variant mainly 
predominant in the brain tissue and does not appear to have individual signaling 
ability (Stoilov et al. 2002). TrkB.T1 form can bind to neurotrophins and is 
internalized upon ligand binding (Biffo et al. 1995) but due to the lack of a kinase 
domain cannot signal to the cytoplasm (Biffo et al., 1995). In addition, TrkB.T1 is 
the main truncated isoform in the skeletal muscle and some studies suggest 
unique signaling roles for TrkB.T1, for example, by modulating Ca2+ signaling 
mechanisms (Rose et al. 2003). Other evidence suggests that TrkB.T1 acts in a 
dominant negative fashion to decrease signaling through TrkB.FL (Rose et al., 
2003).  Recent studies demonstrate that the ratio between TrkB.FL and TrkB.T1 
determines the net effect of BDNF signaling at neuromuscular system (Eide et al., 
1996; Gonzalez et al., 1999; Haapasalo et al., 2001; Dorsey et al., 2012). 
TrkB receptor can be quickly translocated to the membrane from 
intracellular pools by BDNF stimulation or as a result of increased neuronal 
activity. TrkB can also be inserted to the cell membrane after intracellular 
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transactivation (Puehringer et al. 2013). In addition to the insertion of TrkB into 
the cell membrane, neuronal activity and increase in intracellular calcium 
concentration regulate the internalization of TrkB receptors (Puehringer et al., 
2013). The kinetics of the receptor insertion to the membrane and its subsequent 
internalization can define the signaling pathways and other downstream actions of 
the receptor. Inserting more TrkB receptors to the cell membrane compensates 
for the endocytosis occurring after ligand binding, and the TrkB signaling shifts 
from a transient event to sustained state (Du et al., 2003). 
9.3. BDNF/TrkB downstreaming signaling pathway 
Activation of downstream signaling pathways via TrkB starts by BDNF 
binding to the Ig domain (Ig2) closest to the trans-membrane domain of TrkB. The 
BDNF homodimer binding to the TrkB extracellular region promotes receptor 
dimerization, which activates the intrinsic tyrosine kinase domain, leading to 
autophosphorylation on specific tyrosine residues in the activation loop (Y701, 
Y706 and Y707, accordingly to the sequence of TrkB in rat) (Du et al., 2003; Zhao et 
al., 2009). Phosphorylation of these residues can leads to an open conformation of 
the receptor resulting in transphosphorylation and allowing the access of 
substrates to the kinase. The active tyrosine kinases in turn phosphorylate two 
additional phosphorylation sites: Y515 and Y816 (Middlemas et al. 1994; Segal et 
al. 1996). These two activated sites induce conformational changes and serve as 
docking sites for different cytoplasmic molecules and signaling enzymes triggering 
various parallel signal transduction cascades with distinct functions. Three main 
pathways are regulated by the activation of TrkB through these two activated sites 
(figure 14): (i) phosphatidylinositol-3 kinase – Akt (PI3K/Akt) (Atwal et al. 2000), (ii) 
Ras-mitogen-activated protein kinase (Ras/MAPK) (Atwal et al., 2000), and (iii) 
PLCγ (Thomas et al., 1992), being phosphorylated Y516 (pY516) which actives the 
two first pathways and phosphorylated Y817 (pY817) which activates PLCγ 
pathway. These downstream signaling pathways mediate neuron outgrowth, 
neuronal differentiation or survival (Vetter et al., 1991).  
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Figure 14. The major signaling pathways elicited by brain-derived neurotrophic factor 
(BDNF) through TrkB receptor. TrkB.FL receptor has an extracellular ligand-binding domain, 
a singular transmembrane region, and an intracellular region. BDNF binds to the 
extracellular domain of TrkB forming homodimers to activate downstream intracellular 
signaling cascades. In concrete, TrkB.FL triggers Shc-Ras-MAPK, phospholipase C gamma 
(PLCγ)- protein kinase C (PKC) and phosphatidyl inositol-3 kinase (PI3K)-AKT pathways. On 
the right, TrkB.T1 is depicted and lacks an intracellular tyrosine kinase domain. 
9.4. Exercise modulation of BDNF/TrkB neuromuscular signaling  
Nowadays there are strong evidence that suggests the exercise training 
provides many benefits to CNS health, including the improvement of synaptic 
function (Pattarawarapan and Burgess, 2003). In this context, it is well accepted 
that BDNF plays a key role in mediating the benefits of exercise (Gomez-Pinilla and 
Hillman 2013; Gomez-Pinilla et al. 2008; Neeper et al. 1995; Vaynman et al. 2006; 
Zoladz and Pilc 2010). Although BDNF is secreted in an activity-dependent manner 
(Lu 2003) and its expression in rodent spinal cord and skeletal muscle increases 
after exercise are required basal levels of neuromuscular activity to maintain 
normal levels of BDNF in the neuromuscular system (Gomez-Pinilla et al. 2001; 
Gomez-Pinilla et al. 2002; Gomez-Pinilla et al. 2012). Recent studies of cultured 
myotubes have shown to produce BDNF after contraction, suggesting a 
postsynaptic origin of this neurotrophin (Matthews et al. 2009). Recently, it has 
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been clarified that in the neuromuscular system in vivo BDNF is enhanced by 
presynaptic activity and by the resulting muscle contraction itself (Matthews et al., 
2009). Furthermore, exogenous BDNF increases evoked ACh release at the NMJ 
and the TrkB receptor is normally coupled to this process (Garcia et al. 2010; 
Mantilla et al. 2004; Santafé et al. 2014). Together, this and other findings support 
that neuromuscular activity promotes BDNF/TrkB signaling to regulate 
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1. HYPOTHESIS  
Preceding this study, other studies have described the relation between 
neurotransmission and PKC activity, which, at the same time, are thought to be 
modulated by pre- and postsynaptic activity in the neuromuscular junction of 
skeletal muscles. From that premise, we hypothesize that presynaptic and 
postsynaptic activity regulate the phosphorylation of Munc18-1 and SNAP-25, 
which play a key role in synaptic vesicle exocytosis. We also hypothesize that this 
modulation takes place through PKC activity, giving special attention to the 
exclusively presynaptic isoforms nPKCε and cPKCβI. Moreover, the last one has 
been related with BDNF/TrkB signaling pathway and, therefore, these could also 
be involved in Munc18-1 and SNAP-25 regulation. 
 In order to determine this hypothesis, our first objective is to determine 
the presence of Munc18-1 and SNAP-25 in the peripheral nervous system and 
their location in the presynaptic terminal to reaffirm their function in the 
neurotransmission. Then, we will determine if Munc18-1 and SNAP-25 levels are 
affected after electrical stimulation resulting, or not, in muscle contraction. This 
will allow us to determine whether Munc18-1 and SNAP-25 are modulated by both 
synaptic activity and muscle contraction.  
Furthermore, because Munc18-1 and SNAP-25 have to be phosphorylated 
to be active, we will determine whether the presynaptic and/or postsynaptic 
activity regulates their phosphorylation. Next, we will determine whether 
Munc18-1 and SNAP-25 phosphorylation depends on Ca2+ and if they are 
enhanced when PKC family is activated by phorbol esters in the NMJ. Additionally, 
we will identify whether Munc18-1 and SNAP-25 phosphorylation is related with 
the PKC isoforms nPKCε and or cPKCβI, which have been demonstrated to be 
essential for neurotransmission at the NMJ.  
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Finally, we will determine whether BDNF/TrkB signaling pathway, which is 
enhanced by synaptic activity and directly related with the cPKCβI isoform in the 
neuromuscular system, regulates the phosphorylation levels of Munc18-1 and 
SNAP-25 proteins and whether they are related or not with synaptic activity 
induced in the skeletal muscle. 
2. OBJECTIVES  
General objective 
The main objective of this thesis is to determine how the phosphorylation of the 
exocytotic proteins Munc18-1 and SNAP-25 is modulated by synaptic activity and 
muscle contraction through the cPKCβI and nPKCε isoforms and TrkB signaling at 
the neuromuscular junction. 
Specific objectives 
1.    To determine the expression, location and regulation by the PKC-activators 
calcium and PMA of Munc18-1 and SNAP-25 and their phosphorylated forms 
in the skeletal muscle.   
2.    To determine whether the synaptic activity modulates Munc18-1, SNAP-25 
and their phosphorylation levels in the skeletal muscle through nPKCε and 
cPKCβI isoforms and BDNF/TrkB signaling pathway. 
2.1. To determine whether synaptic activity regulates Munc18-1, SNAP-25 and 
their phosphorylation levels. 
2.2. To determine whether nPKCε and cPKCβI isoforms and their interaction 
regulate the phosphorylation of Munc18-1 and SNAP-25, related or not, 
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with the synaptic activity, and whether nPKCε and cPKCβI are 
interdependent. 
2.3. To determine whether BDNF/TrkB signaling pathway regulates the 
phosphorylation of Munc18-1 and SNAP-25 related with the synaptic 
activity. 
3.    To determine whether the synaptic activity resulting in muscle contraction has 
repercussion on Munc18-1, SNAP-25 and their phosphorylation levels in the 
skeletal muscle through nPKCε and cPKCβI isoforms and BDNF/TrkB signaling 
pathway.  
3.1. To determine whether nerve-induced muscle contraction regulates 
Munc18-1, SNAP-25 and their phosphorylation levels. 
3.2. To determine whether nPKCε and cPKCβI isoforms regulate the 
phosphorylation of Munc18-1 and SNAP-25 under nerve-induced muscle 
contraction condition and the dependence between nPKCε and cPKCβI.  
3.3. To determine whether BDNF/TrkB signaling pathway regulates the 
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To perform this thesis young adult male Sprague-Dawley rats from 30 to 45 
days old has been used (purchased from Charles River, Criffa, Barcelona). Levator 
Auris Longus (LAL) and diaphragm muscles from were used to perform the 
stimulation and immunohistochemistry (IHC) experiments. All animals were 
maintained on the animal facility in a standard cage of MakrolonR (23x46x14 cm3) 
and were housed in a room equipped under standards conditions: constant 
temperature (22° ± 2°C), relative humidity (50 ± 10%) and automatic light cycles 
(12-h light/dark). Food (Panlab rodent chow, Barcelona, Spain) and tap water were 
offered ad libitum throughout the study. The use and treatment of animals has 
been aproved by the Comitè Ètic d’Experimentació Animal de la Facultat de 
Medicina i Ciències de la Salut de la Universitat Rovira i Virgili in accordance with 
Llei 5/1995 and Decret 214/1997 de la Generalitat de Catalunya and RD español 
53/2013 (published in BOE 34, 08/02/13) which establishes the basic norms 
applicable for the protection of animals used in experimentation and other 
scientific purposes.   
The animals were anesthetized with tribromoethanol (TBE) 2% injected via 
intraperitoneal (0.15 ml/10g body weight). Once deeply anesthetized were 
sacrificed with exsanguination immediately and the needed muscles were 
obtained for further use in accordance with the guidelines of the European 
Community’s Council Directive of 24 November 1986 (86/609/EEC) for the 
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2. STUDY MODEL: SKELETAL MUSCLE 
In this thesis, to perform immunohistochemistry (IHC) it has been used as a 
skeletal muscle study model a Levator auris longus (LAL) muscle, which allows 
moving the ears in rodents. It is a good model for IHC localization studies due to its 
morphological characteristics. To perform Western blot techniques were used the 
diaphragm muscle. It is a dome-shaped muscle divided in two hemi-diaphragms, 
which are innervated separately, what permits to stimulate separately each one of 
them. 
2.1. Levator auris longus (LAL) 
Levator auris longus (LAL) is a superficial muscle located under the dorsal 
skin in the area of the head and neck of the mammals. It has a cranial and caudal 
part. The fibers in the cranial region were originated in the spines of the fourth 
cervical vertebra and goes towards anterior part of the pinna base, where it 
inserts. The fibers in the caudal region were extended from the fourth and fifth 
cervical vertebra to the back of the pinna base. It consists of fast-twitch muscle 
fibers (Erzen et al. 2000) which are arranged in five or six layers of cells (5.25 ± 
0.78) in the cranial portion (Erzen et al., 2000), while in the caudal part could be 
more (Angaut-Petit et al. 1987).  
The LAL muscle is an excellent model to study the NMJ morphology through 
IHC experiments (see below). This is because it is a very thin muscle, and 
therefore, the antibodies can penetrate and immunolabel the target proteins 
allowing the visualization of the nerve terminal and the nAChRs. Moreover, that it 
is possible to visualize complete innervation of the muscle without cutting it into 
slices (Angaut-Petit et al., 1987). Due to these technical and morphological 
features, thin, flat shape and few layers, LAL muscle is an ideal model for IHC 
studies. 
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Figure 15. Levator auris longus (LAL) muscle structure. LAL muscle of adult rat. It is located 
under the dorsal skin in the area of the head and neck and consists in two parts: the left 
muscle (LAL 1) and the right muscle (LAL 2), between them there is a midline, which 
separate the two LALs. 
2.2. Diaphragm skeletal muscle 
The diaphragm skeletal muscle is thin and flat, it has the innervation zone 
very well defined, and whose function is to produce respiratory movements. It is 
an ideal model for electrophysiology studies because of the easy location of 
individual muscle fibers and isolated synapses, for this reason it has been 
described as a useful model to study synaptic function (Besalduch et al. 2010; 
Chand et al. 2015; Obis et al. 2015b; Rosato et al. 1999; Urbano et al. 2003). 
Accessibility to the phrenic nerve helps to dissect and stimulate it and thus 
enhance independently synaptic activity and muscle contraction. The pattern of 
innervation allows separating the synaptic areas of extrasynaptic with relative 
ease. It forms a wall between the thorax and the abdomen and consists of a 
peripheral muscular region (costal part) and a central aponeurotic in the shape of 
a clover (Pickering and Jones 2002; De Troyer et al. 1981). The anterior part has its 
insertion at the costal end. It is innervated by the phrenic nerve, which proceeds 
from the cervical segments C3-C5 of the spinal cord. It descends through the 
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thorax to the diaphragm, where it divides to innervate the two hemidiaphragms 
that form it. The innervation of each hemidiaphragm begins in the central and 
inner part and is divided into three branches: one towards the anterior part and 
two towards the posterior part. From each of the branches come different smaller 
branches, innervating in a massive form, in the form of a tree, the external part 
where the different synapses are formed, defining a zone of innervation well 
limited. Diaphragm is in a way unusual because only a subset of muscle fibers is 
active with a prolonged duty cycle as compared to other skeletal muscles (De 
Troyer et al., 1981; Pickering and Jones, 2002). However, nerve stimulation 
simultaneously recruits all motor units and uniforms the heterogeneous level of 
activity of the fibers. 
3. SKELETAL MUSCLE EXTRACTION PROCEDURE 
As previously described (see section 1, Animals), the animals were 
anesthetized with TBE 2% by intraperitoneal injection. Unconsciousness is assured 
by assessing lack of ocular, patellar and caudal reflexes. Sacrifice was performed 
by exsanguination. For the muscle dissection was required a stereoscopic 
microscope and surgical equipment. The dissections were performed on a Petri 
dish covered with a silicone elastomer (Sylgard®) to pin the muscles with 
dissecting needles in order to facilitate the extraction. LAL muscles was used for 
IHC analysis. Diaphragm muscles were used to biochemical studies using Western 
blot techniques.  
3.1. LAL muscle extraction for IHC analysis 
Once the animals are anesthetized, the coat is shaved from the neck and 
head area, where the LAL muscle lays underneath. After sacrifice by 
exsanguination, rats are pinned down in a support, dorsal side up with one pin in 
each paw and one pin through the nose. Then, the first T-shaped incision is 
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performed only through the skin, using small spring scissors to cut from the 
beginning of the neck to reach the eyes. The skin is removed in this region, 
avoiding the sides closer to the ears as these are the attachment points of the LAL 
muscle. Afterwards, the preparations undergo a step of fixation. In concrete, the 
muscle pack that contains the LAL muscle is fixed using a collection vessel with 4% 
paraformaldehyde (PFA) during 90 minutes. The following steps of the dissection 
are performed on a Sylgard® coated Petri dish to allow clamping and stretching of 
the muscle exposing its ventral side with dissecting needles. Muscles are rinsed 
with 1X PBS (phosphate buffered saline, composed by 140 mM NaCl, 2.7 mM KCl, 
1.5 mM KH2PO4 and 8.1 mM Na2HPO4 adjusted pH at 7.4) to keep them hydrated 
in a physiological solution. Once the ventral side of the muscle is exposed, they are 
pinned to facilitate the removal of the connective and muscular tissues that cover 
the LAL. The identification of the LAL midline is important to differentiate it from 
other muscles and distinguish its left and right sides (LAL1 and LAL2, figure 15). 
After three washes of 5 minutes, the muscle is turned over and re-pinned in order 
to remove the tissues covering the dorsal surface. It is necessary to take special 
care to remove the connective tissue from both dorsal and ventral surfaces of the 
muscles, which may hinder the penetration of the antibodies into the sample.  
3.2. Diaphragm muscle extraction for biochemical studies 
Once the animals are anesthetized and sacrificed by exsanguination, rats 
are pinned down in a support, ventral side up with one pin in each paw. Then, 
using small scissors, the first T-shaped is performed only through the skin, by the 
ventral part, leaving the rib cage in sight. Then, the same procedure is performed 
with the musculature but this time until the sternum. The viscera are removed 
carefully to avoid damage the diaphragm and cut off the excess skin on the sides. 
Then, midway between the neck and the apex of the sternum, a cut is made to 
separate the rib cage from the rat. With the help of clamps, it is holding by the 
xiphoid process of the sternum to cut the spinal column below the diaphragm. 
Until this step, because the manipulation of the tissues is performed without 
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keeping the physiological conditions, it is very important to go as fast as possible 
to keep the muscles alive. Diaphragm is pinned by the xiphoid process upwards 
and the sides of the rib cage, keeping the organs up, to a Petri dish with Sylgard®. 
In order to keep the tissues alive and in perfect condition they must remain 
constantly submerged in oxygenated Ringer. Then, cut the column and the ribs on 
both sides from the front (sternum) to the column. The remaining organs (lungs, 
heart and thymus) are cut with the help of spring scissors and under the 
magnifying glass, very carefully to maintain intact the phrenic nerves that 
innervate each hemidiaphragm. Afterwards, with the help of scissors the rests of 
ribs are cut, leaving only the diaphragm insert attached to them. The column is 
then cut and removed, separating the two hemidiaphragms on its dorsal side. 
Once both hemidiaphragms are separated, maintaining that pinned and well 
extended in the Sylgard® dish, the remaining viscera are cut keeping intact the 
phrenic nerves, using a spring scissors and under the magnifying glass. Finally, the 
connective tissue that envelops the nerves is removed, taking special care to the 
end of these where the suction will be performed, and be careful not to pinch 
them to avoid damaging them. 
Nerve suction is performed in repetitive stimulation experiments. To do 
this, the preparation is transferred to a rectangular chamber, only with Sylgard® 
floor to hold the muscle to the base and raised with Ringer or with the 
correspondently reagent. The dissection of both hemidiaphragms is performed for 
biochemical studies (see section 4, Skeletal muscle stimulation). 
3.3. Spinal cord and brain extraction for biochemical studies 
To extract the spinal cord, once the rats have been anesthetized and 
sacrificed by exsanguination, they are T-shaped pinned with needles on support. 
Using scissors, an incision is performed in the dorsal side above the spine until it is 
exposed. Then the spinal bones are cut carefully until the spinal cord is shown. The 
ventral region of the spinal cord is selected and placed in an Eppendorf tube 
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containing cold PBS. Then freezes at -30°C. Specifically, of the spinal cord the 
ventral region is used which is where the cell bodies of motoneurons that 
innervate skeletal muscles. 
To perform brain extraction, after sacrifice by exsanguination, the rats are 
pinned down in a support, dorsal side up with needles on each paw and through 
the nose. Using bone cutting spring scissors, a cut is performed from both sides of 
the mouth to the surface of the skull. Pressure is then exerted to open the cranial 
surface and access the brain which is removed with a spatula and frozen 
immediately in an Eppendorf tube  with 1X PBS at -30°C. 
4. SKELETAL MUSCLE STIMULATION  
Biochemical activity-dependent protein expression studies were performed 
using skeletal muscle samples (see section 2, Study model: skeletal muscle). For 
this, a protocol of continuous stimulation of the diaphragm muscle from the rats 
was followed imposing moderate activity. In all the experimental protocols, the 
diaphragm muscles were removed surgically maintaining the phrenic nerve intact 
and were pinned in a Sylgard Petri dishes containing normal Ringer solution 
continuously bubbled with 95% O2/5% CO2 at room temperature to simulate the 
physiological conditions of the muscle in vivo. The ex vivo stimulation method 
allowed describing the regulation mechanisms involved in the NMJ by showing the 
effect of presynaptic stimulation and how the muscle responds to it. To obtain real 
and extrapolable results it was very important to maintain the conditions as 
similar as in vivo as possible.  
The electric stimuli were transmitted from an A-M Systems 2100 isolated 
pulse generator (Carlsborg, WA) to the muscle by a platinum electrode connected 
to the phrenic nerve. To stimulate the muscle, the phrenic nerve was subjected to 
a 30 minutes period of stimulation connected by an electrode to a stimulator unit 
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at 1Hz. In order to study separately the effect of presynaptic stimulation (and 
synaptic transmission) from the effect of the muscle cell contraction in response to 
stimuli, we performed experiments in which contractions were prevented. Muscle 
contraction was blocked by using 1.5 μM μ-conotoxin GIIIB (μ-CgTx- GIIIB), a 
contraction blocker that selectively inhibits sarcolemmal VGSCs without affecting 
synaptic ACh release (Favreau et al. 1999) (see section 5, Reagents). 
 
 
Figure 16. Electrophysiology equipment. A) Cibertec stimulator cs-20. B) Cibertec ISU 
connected to a hemidiaphragm through the suction of the phrenic nerve. C) Detail of the 
platinum electrode from the stimulator unit connected by suction to the phrenic nerve. The 
muscle rests pinned in a Sylgard dish, submerged in a normal Ringer solution. 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS 
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI 
Anna Simó Ollé 




To study the differences of the effect of the stimuli or the contraction 
towards themselves or towards a control without stimuli we performed 
experiments in which the contraction was restricted (St) or not (St + Contraction). 
Three main experiments were designed in order to distinguish presynaptic effects 
form postsynaptic effects of muscular activity. Each of these were composed by a 
treatment and its particular control treatment, using for that both 
hemidiaphragms from the same rat respectively: 
- Stimulation experiment (Ctrl vs St) permits to study the differences 
between the basal conditions and the stimuli product of the stimulator.  
- Contraction experiment (St vs St + Contraction) is useful to study the 
differences between the stimuli, which are product of the stimulator and the 
stimuli together with the contraction generated by the muscle in response.  
- Stimulation and contraction experiment (Ctrl vs St + Contraction), 
permits the study of the differences between the basal stimuli and the stimuli, 
which are product of the stimulator and the contraction generated by the muscle 
in response.  
Once the experiments were completed, both hemidiaphragms are 







UNIVERSITAT ROVIRA I VIRGILI 
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS 
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI 
Anna Simó Ollé 




Table 1. Summary of electrophysiological treatments applied to extracted rat diaphragms. 
Stimulation experiment (Ctrl vs St) compares (1) the stimulation of muscles with 
contraction blocked by μ-conotoxin GIIIB with (2) muscles that were not stimulated but 
incubated with μ-conotoxin GIIIB, to discard side-effects of the blocker. Contraction 
experiment (St vs St + contraction) compares (1) the stimulation of muscles with 
contraction unaltered with (2) stimulated muscles with contraction blocked. Finally, 
stimulation and contraction experiment (Ctrl vs St + contraction) compares (1) the 
stimulation of muscles with contraction unaltered with (2) muscles that were not 
stimulated and their contraction unaltered. 
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Normal Ringer solution was used to incubate the diaphragms during all 
stimulation/contraction treatments, as well as throughout the muscle extraction 
process to keep it alive. It contains (in mM): NaCl 137, KCl 5, CaCl2 2, MgSO4 1, 
NaH2PO4 1, NaHCO3 12 and glucose 12,1 mM, it is bubbled constantly with 95% O2, 
5% CO2.  
Dimethyl sulfoxide (DMSO) 
DMSO (dimethyl sulfoxide; Tocris, Ellisville, MO, USA) facilitates the 
penetration of additional components into the muscle tissues. The final 
concentration of DMSO in control and drug-treated preparations was 0.1% (v/v). It 
has been shown that the use of solutions containing this DMSO concentration 
does not affect neurotransmission in the studied parameters attributable to this 
solvent (Favreau et al., 1999). It was added 1ml/l of DMSO to the normal Ringer.  
μ-conotoxin GIIIB 
In presynaptic stimulation treatments and electrophysiological 
experiments, muscle contraction was blocked using μ-conotoxin GIIIB (μ-CgTx-
GIIIB, Alomone Labs Ltd, Jerusalem, Israel). This peptide was made up as 
lyophilized powder of >99% purity. Blocker reconstitution was made with MQ 
distilled water to reach 150M and it was stored at 4°C for periods up to one week 
or at -20°C for periods always minor than three months. Working solution: 1.5 μM 
diluted in normal Ringer solution (Favreau et al. 1999). 
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High and low calcium levels 
In order to study whether phosphorylation of target proteins were 
modulated by Ca2+ in the NMJ, it was used high and low calcium levels. In some 
experiments, it was increased the content of calcium of the normal Ringer to 5mM 
or decreased it to 0.25 mM. To accomplish this, the amount of CaCl2 (0.1 M stock) 
added to the normal Ringer was changed.  
TrkB receptor antagonist 
47/TrkB (clone 47/TrkB; cat. no. 610102; 250μg/ml, from BD Transduction 
Laboratories (Lexington, KY)) is an anti-TrkB antibody from mouse. It recognizes 
the human TrkB sequence between the aa 156 and 322 (extracellular) 
encompassing the second cysteine-rich domain and the two Ig-like C2 domains. 
This antibody inhibits BDNF binding to TrkB receptors. Because the receptor final 
conformation is not the same as with its natural ligand, 47/TrkB effectively inhibits 
autophosphorylation residues Y670, Y674 and Y675 of TrkB (Favreau et al., 1999). 
Working solution: 10μg/ml (Balkowiec and Katz, 2000a). 
Exogenous BDNF 
BDNF (Human Brain-derived neurotrophic factor, from Alomone Labs Ltd; 
Jerusalem, Israel) is a specific TrkB agonist. It was prepared in MQ distilled water 
(0.37 μM). Working solution: 10nM. Previous experiments demonstrated that this 
concentration was the most accurate one after trying 1, 10 and 100 nM. 
Phorbol 12-myristate 13-acetate (PMA) 
PMA (Phorbol 12-myristate 13-acetate) from Sigma-Aldrich (St. Louis, MO) 
is a non-specific agonist of PKC. It was made up for the stock solution as 10 mM in 
DMSO and stored at -20°C. Working solution: 10 nM. 
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nPKCε inhibitor peptide 
εV1-2 (myristoylated nPKCεV1-2 peptide, EAVSLKPT) from Calbiochem 
(Merk, Germany) is a nPKCε specific translocation inhibitor peptide to block nPKCε 
activity. It is an 8-residue peptide fragment contained in the εV1 region (Cazorla et 
al., 2011), which is the binding domain to its RACK receptor. It was made up for 
the stock solution as 1mM in normal Ringer and stored at -80 °C. Working solution: 
100 μM. Previous experiments demonstrated that this concentration was the most 
accurate after trying 1, 10 and 100 μM (Johnson et al., 1996b).  
cPKCβI inhibitor peptide 
βIV5-3 (aa 646-651; kindly provided by Dr. Mochly-Rosen from Stanford 
University) is a specific translocation inhibitor peptide to block cPKCβI activity. It is 
derived from the V5 domain of cPKCβI and binds to the anchoring protein βI-RACK, 
disrupting the interaction between cPKCβI and its specific βI-RACK (Stebbins and 
Mochly-Rosen 2001). This inhibits its translocation to the membrane and so its 
activation. It was made up for the stock solution as 10 mM in normal Ringer and 
stored at -80 °C. Working solution: 10 μM. Working concentrations were 1, 5 and 
10 µM.  
These PKC inhibitor peptides impossibilities the translocation of these PKCs 
to the membrane and, therefore, they cannot do their normal function. This 
inhibition of function revealed that cPKCβI and nPKCε have essential roles in ACh 
release regulation (Stebbins and Mochly-Rosen, 2001). Then these PKC isoforms 
may be essentials for the regulation of the signal transmission in NMJ. 
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Figure 17. Protein kinase C peptide inhibitor. (A) Protein kinase C (PKC, in blue) changes 
from an inactive to active state when diacylglycerol (DAG) or PMA increases, in which both 
the RACK binding site and the active site are exposed. The active PKC binds to RACK (red), 
anchoring it near its substrate (green), which once phosphorylated (P) triggers the 
physiological responses of the isoenzyme. (B) The inhibitor peptide binds to the RACK and 
blocks the binding of the activated isozyme to that RACK. Therefore, the physiological 
responses mediated by that isozyme are blocked. 
6. TISSUE PREPARATION FOR BIOCHEMICAL STUDIES 
6.1. Muscles homogenization 
For biochemical studies, total skeletal tissue protein was obtained from 
previously extracted diaphragm muscle samples, frozen in liquid nitrogen and 
stored at -80°C before use. The muscles were homogenized using a high-speed 
homogenizer (overhead stirrer, VWR International, Clarksburg, MD) in lysis buffer 
containing 150 mM NaCl, 50 mM Tris–HCl pH 7.4, 1 mM EDTA (Ethylenedinitrilo-
tetraacetic acid), 50 mM NaF (sodium fluoride), 1 mM PMSF 
(phenylmethanesulfonyl fluoride), 1 mM sodium orthovanadate from Sigma, (St. 
Louis, MO), 1% IGEPAL CA-630 (Octylphenoxy poly(ethyleneoxy)ethanol) from 
Sigma, (St. Louis, MO), 0.1% Triton X-100 and a 1% protease inhibitor cocktail 
(P8340, Sigma-Aldrich, St. Louis, MO). The ratio followed was of 1 ml of lysis buffer 
per 0.5 g of tissue (20% w/v). Tissue preparation is done at cold temperatures 
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(4°C) to avoid protein denaturing and degradation. In order to separate 
extracellular matrix components from non-lysed cell moieties, the insoluble 
material was removed by centrifugation at 1000 g for 10 minutes at 4°C, 
discarding the precipitate. The supernatants were collected and centrifuged at 
15000 g for 20 minutes at 4°C. Finally, the resulting supernatants (total protein 
lysates) were collected, aliquoted and stored at -80 °C before use. 
 
Figure 18. Homogenizer. A) High-speed homogenizer (overhead stirrer, VWR International, 
Clarksburg, MD). B) Process of muscle homogenization. 
Membrane and cytosol separation 
In order to isolate the membrane and cytosolic fractions, diaphragm 
muscles were dissected and homogenized using a high-speed homogenizer in ice-
cold lysis buffer without detergents (in mM: NaCl 150, Tris-HCl (pH 7.4) 50, EDTA 1, 
NaF 50, PMSF 1, sodium orthovanadate 1 and protease inhibitor cocktail (1/100)). 
The homogenized samples were cleared at 1000 g for 15 minutes at 4°C, and the 
resulting supernatant was further centrifuged at 130000 g for 1 hour at 4°C. The 
supernatant corresponded to the cytosolic fraction and the pellet, to the 
membrane fraction. The latter, was resuspended in lysis buffer (in mM: NaCl 150, 
Tris-HCl (pH 7.4) 50, EDTA 1, NaF 50, PMSF 1, sodium orthovanadate 1; NP-40 1%, 
Triton X-100 0.1% and protease inhibitor cocktail (1/100)). Protein concentrations 
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were determined in the same way as total protein lysates (see above). Validation 
of the purity of the subcellular fractionation was determined by examining the 
presence fraction-specific housekeeping proteins like GAPDH (Glyceraldehyde 3-
phosphate dehydrogenase) for cytosol and Na/K-ATPase for membrane by 
Western blotting. GAPDH immunoreactivity was never observed in the membrane 
fraction. 
6.2. Protein concentration 
Protein concentrations of each hemidiaphragm were determined by using 
the Bio-Rad DC protein assay (Bio-Rad, Hercules, CA). Experimental procedures 
were performed to determine the linear and quantitative dynamic range for each 
target protein, using a standard curve of bovine serum albumin (BSA) (Sigma-
Aldrich, St. Louis, MO) at concentrations of 0, 0.1, 0.2, 0.4, 0.8 and 1 mg/ml. The 
appropriate dilutions of samples were used for the accurate and normalized 
quantitation by densitometric analysis. Absorbance determination was performed 
on a spectrophotometer (CECIL, CE2030) at a wavelength of 750 nm. Protein 
concentration of each hemidiaphragm was determined to adjust and load the 
same amount of protein for each sample in the electrophoresis (see below).  
7. ANALYSIS TECHNICHES  
7.1. Electrophoresis SDS-page and Western blot  
In order to study the effect caused by the different treatments used, to the 
target proteins and their phosphorylations, a Western blot analysis was used. 
Western Blot is an analytical technique widely used to detect specific proteins in a 
tissue homogenate sample. To distinguish the proteins of a sample, they are first 
separated by their molecular weight through electrophoresis. For this, an electric 
field with constant voltage of 90-120 V is applied through an acrylamide gel and 
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the proteins are driven across the mesh of the gel under denaturation conditions 
to avoid the influence of the 3D conformation on their migration. Then, the 
proteins are transferred on a synthetic membrane of PVDF (polyvinylidene 
difluoride) to immobilize them. Finally, the target proteins are detected by 
immunoblotting. The specificity of the antibody-antigen interaction enables a 
target protein to be identified in the midst of a complex protein-mixture. The 
combined use of electrophoresis and Western blot technique allows the 
quantitative detection of the presence of a protein and even its post-modified-
transcriptional state (expression changes, phosphorylation state, etc.). It is the 
most commonly used method to measure the expression of a protein in cell 
signaling experiments. To perform and evaluate each experiment, at least five 
independent animals (n> 5) were used. 
Sample preparation 
Samples were prepared to have a final volume of 15 μl. Each sample 
contained 30-40 μg of protein (calculated previously with the DC assay) in reducing 
loading buffer (SBL1X). This buffer was stored at -20°C at 5X concentration to 
dilute it in the samples to 1X. The final concentrations were 40 mM Tris HCl pH 6.8, 
5% (m/v) SDS, 8.4% (v/v) Glycerol, 16% (v/v) β-mercaptoethanol and 0.01% (v/v) 
bromophenol blue in MQ water. β-mercaptoethanol was used to break disulfide 
bonds and SDS, which is a negative charged detergent, was used to solubilize the 
proteins. Then, samples were submitted to a thermic shock (5 minutes at 100°C 
and freezing them immediately after) to denaturalize the proteins. Altogether, 
with this protocol, proteins could only migrate depending on their molecular 
weight in the acrylamide gel. 
SDS-PAGE gel electrophoresis 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) is one of the most 
widely used techniques for the separation of proteins according to their molecular 
weight (Laemmli 1970). It separates denaturized proteins in the presence of a 
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perpendicular electric field to a gel composed by Acrylamide/Bis-acrylamide, 
which forms a reticular mesh. The technique applies a negative charge so proteins 
move towards a positive charge. A variable proportion of Acrylamide/Bis-
acrylamide, Tris buffer, SDS, ammonium persulfate (APS) and TEMED (N, N, N’,N’-
tetramethylethylenediamine) (the last two were used to polymerize the gel) 
composed the gel. The gel acts as a physical filter so that larger proteins travel 
relatively slower than smaller proteins. A single gel integrated two percentages of 
acrylamide. The top portion known as stacking gel was of a lighter percentage and 
lower pH (6.8). Under it, there was the running gel with a higher percentage 
(usually between 8% and 15%) and pH (8.8). The stacking gel concentrated the 
proteins so that they migrate in equal conditions and the running gel had the 
specific function of separating them depending on the weight as they were 
negatively charged. The gels were included in a cassette with electrode assembly 
and were submerged in a tank filled with SDS-PAGE 1X running buffer and the 
samples were loaded to the gel wells. Then, the electric field was applied in a 
constant voltage of 90-120 V by a Mini-Protean 3 electrophoresis system and a 
PowerPac™ Basic Power Supply (Bio-Rad, Hercules, CA). Molecular weight 
standards were used to control the separation of proteins during electrophoresis 
(Precision Plus Protein™ Dual Xtra, Bio-Rad, Hercules, CA). 
Transfer 
Once the gel had run, the proteins were transferred to a polyvininylidene 
difluoride (PVDF) membrane (Hybond™-P; Amersham, GE Healthcare) utilizing a 
perpendicular electric field to the gel by a Trans-Blot® Turbo™ Transfer System 
with its Transfer Buffer (Bio-Rad, Hercules, CA) to immobilize them and allow 
immunodetection. After the transference, it is important to check the quantity of 
protein loaded. It was used the SYPRO Ruby Protein Gel Stain kit by Bio-Rad as a 
loading control to normalize the changes of the studied proteins within pairs of 
samples as actins are not a housekeeping control in our working model. 
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Blocking and immunolabeling 
For immunodetection the membranes were blocked with the wash solution 
Tris-buffered saline 0.1% Tween 20 (TBST) containing 5% (W/V) phosphoblocker 
reagent (PhosphoBLOCKER™ Blocking Reagent, Cell Biolabs, inc. CA, USA) or BSA 
for phosphorylated proteins or nonfat dry milk or BSA for total proteins during 1 
hour at room temperature. After this time, membranes were incubated in primary 
antibody (specific for the interest protein) overnight at 4°C. Afterwards, the 
membranes were washed three times with TBST (5 minutes) and incubated during 
90 minutes with a secondary antibody linked to horseradish peroxidase (HRP). 
Before detection and visualization, membranes were washed three times with 
TBST and one with TBS. During all incubations and washes, membranes were in 
constant shake. 
In order to analyze the phosphorylation ratio of a protein, it is convenient 
to immunoblot both proteins in the same membrane. The process of stripping 
removes the primary and secondary antibodies from the first detection and allows 
the re-probing of the following protein without interferences. The antibody 
against the phosphorylated protein is incubated before the antibody against the 
non-phosphorylated total protein. This is because the phosphorylated form is a 
subset of the total form of a protein. After membranes were visualized (see below) 
they were incubated with stripping solution (Tris HCl 1M pH=6.8; SDS 20 % (v/v); 
β-mercaptoethanol 100 mM) at 50 °C during 30 minutes with constant shaking. 
Once the stripping solution was removed, the membranes were washed six times 
with TBST during 5 minutes each. Finally, the process of blocking and 
immunolabeling were performed as stated above.  
Detection, visualization and data analysis 
Membranes were visualized by chemiluminiscence with the ECL kit 
(Amersham Life Science, Arlington Heights, IL) which provides the substrate to the 
HRP. The blots were imaged with a ChemiDoc XRS+ (Bio-Rad, Hercules, CA) 
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associated with Imaging System ImageLab software. The densitometry of the 
resultant bands was analyzed with the ImageJ software (ImageJ, RRID: SCR 
003070). GAPDH and Na/K-ATPase proteins were used as loading controls, as well 
as total protein staining (Sypro Ruby protein blot Stain, Invitrogen). The integrated 
optical density of the bands was normalized with respect to (1) the background 
values and to (2) the total protein transferred on PVDF membranes, measured by 
total protein analysis. All protein phosphorylation was determined as the ratio of 
phosphorylated protein versus total protein content, respectively. The relative 
variations between the experimental samples and the control samples were 
calculated from the same membrane image. The data were taken from 
densitometry measurements made in at least five separate experiments, plotted 
against controls. Data are mean values ± SEM. Statistical significance of the ratios 
between groups was evaluated with the SPSS (Statistical Package for the Social 
Sciences; IBM) software under the paired Wilcoxon test or the Student’s t-test and 
the normality of the distributions was tested with the Shapiro-Wilk test. The 
criterion for statistical significance was p<0.05 versus the control. 
 
Figure 19. Western Blot equipment. A) Micropipette used for sample preparation and ice-
cold support to maintain the samples at 4°C. B) SDS-PAGE electrophoresis. C) Trans-Blot® 
Turbo™ Transfer System. D) Compartments used to perform membrane blocking and 
immunolabeling. E) ChemiDoc XRS+ (Bio-Rad, Hercules, CA). 
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In order to study the localization of Munc18-1 in the NMJ it was used 
fluorescent immunohistochemistry. To perform and evaluate each IHC, at least 
five independent animals (n> 5) were used. 
Basis of the technique 
Fluorescent Immunohistochemistry (IHC) combines histological, 
immunological and biochemical techniques to identify the tissue distribution and 
localization of specific cellular components such as proteins or biomarkers with 
high precision using specific antibodies labeled with a visible label. The classic IHC 
assay involves the detection of antigens expressed in a tissue sample using a 
primary antibody capable of binding to such target antigens with high specificity. 
Once antigen-antibody binding has occurred, a secondary antibody coupled with a 
fluorophore is added which has the ability to bind to the primary antibody. These 
fluorophores are molecules capable of emitting light from a given spectrum when 
excited at the appropriate wavelength. Many fluorophores have different 
properties of excitation and emission. For this reason, it is possible to label 
different proteins in different colors and display them together. By this 
conventional technique, the proteins present in the three elements of the NMJ 
(nerve terminal, acetylcholine receptors and Schwann cell) were labeled so that 
they could be visualized together, or in the desired combination, in addition to the 
target protein Munc18-1.  
IHC procedure 
Once the immunoreactivity of Munc18-1 was found to be identical in both 
LAL and diaphragm muscles, subsequent IHC were performed only in LAL muscles. 
After LAL muscles from rats were removed, fixed and washed (see subsection LAL 
muscle extraction for IHC analysis), the IHC protocol was performed. First, the 
muscles were incubated overnight at 4°C with a permeation solution of 1% Triton 
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X-100 in PBS and 4% BSA to block the unspecific bindings. Then, muscles were 
incubated overnight at 4°C in mixtures of primary antibodies raised in different 
species, depending on the number of proteins to be labeled (anti-Munc18-1,  anti-
Syntaxin, and anti-S-100) in 1% Triton 4% BSA. To remove the antibody residues, 
three washes of 5 minutes with 1X PBS and constant shake at room temperature 
were performed. Thereafter, the muscles were also incubated overnight at 4°C in 
mixtures of the corresponding secondary antibodies. Finally, muscles were washed 
three times more with PBS. Whole muscles were mounted in Mowiol® medium 
(0.2 M Tris-HCL pH 8.5 and glycerol; Calbiochem) with 0.1% (g/ml) of p-
phenylenediamide (Sigma-Aldrich) to be ready to visualize.  
 
Figure 20. Scheme of Immunohistochemistry process performed in rat LAL muscle. The 
first step is to permealize and block the unspecific bindings with 1% Triton X-100 and 4% 
BSA overnight (O/N) at 4 °C. LAL muscle is incubated with primary antibody or mixture of 
these. To remove the antibody residues, wash them three time with 1X PBS (5 minutes per 
wash) and then incubate with the corresponding secondary antibodies conjugated to 
different fluorophores (O/N at 4 °C). Wash three times of 5 minutes with PBS to remove the 
excess of antibody and mount the sample on a microscope slide with Mowiol® medium and 
0.1 % of p-phenylenediamide and covered with a coverslip.  
Detection of NMJ 
To detect the three components of the NMJ different antibodies were used. 
The nerve terminal was detected by Syntaxin. It is a SNARE protein located in 
synaptic membrane, so that it labels more precisely the terminal buttons. The 
Schwann cell was labelled with S-100, which is a protein that belongs to a 
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superfamily of calcium-binding proteins. The post-synaptic component was 
labelled by α-BTX (α-bungarotoxin) conjugated with TRICT (1 µg/ml tetramethyl 
rhodamine iso-thiocyanate, in red), which joins irreversibly nAChRs and allows us 
to identify the synaptic area. The anti-Munc18-1 antibody was recognized by the 
secondary antibody Alexa-fluor 488 donkey anti-rabbit (in green), which is against 
the specie which were obtained the primary antibody. Alexa-fluor 647 donkey 
anti-mouse was used to recognize the anti-S-100 antibody (in blue) so the 
Schwann cell was detected (Figure 25). Some muscles were used as a control to 
demonstrate that antibodies had specificity. The secondary antibody specificity 
was tested by incubation in the absence of primary antibody. All antibodies and 
dilutions used are shown in the follow section, Antibodies. 
7.3. Visualization by fluorescence and confocal microscopy 
The preparations were observed firstly with an inverted Nikon TE-2000 
fluorescent microscope (Nikon, Tokyo, Japan) connected to a personal computer 
running image analysis software (ACT-1, Nikon). It allows to see the different 
proteins of NMJ labeled previously and make a first screening of whether there is 
a positive or negative mark. In addition, the filters and the dichroic beamsplitter 
were chosen depending on the spectral excitation and the emission of the 
fluorophore used to label the sample which permits to visualize each one in 
different colors. The labeled NMJ visualized with fluorescent microscopy permits 
to identify each protein in a specific color: the target protein Munc18-1 in green, 
the Schwann cell in blue and the nAChRs in red. To see the colocalization of all 
proteins labeled the images were merged. 
High-resolution confocal images were obtained with a 60x oil objective (1.4 
numerical aperture) on a laser scanning Confocal Nikon TE2000-E microscope. Z 
stacks were obtained and additional optical sections above and below each 
junction were collected to ensure that the entire synapse was included.   
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With the scanned of various thin sections through the sample, confocal 
maximal projections of labelled components were permitted to obtain 
representative images to demonstrate the morphology of the neuromuscular 
synapses in young adult rat. 
8. ANTIBODIES 
To detect by Western blot the interest proteins for this study, which are 
Munc18-1, SNAP-25, cPKCβI, nPKCε, their phosphorylated forms phospho-
Munc18-1, phospho-SNAP-25, phospho-cPKCβI and phospho-nPKCε, different 
specific primary antibodies from different commercial manufacturers were used, 
which are specified in the Table 2. The secondary antibodies used in Western Blot 
were donkey anti-rabbit and rabbit anti-mouse conjugated to HRP (Horseradish 
Peroxidase) and are specified in Table 3.  
For immunolabeling the muscles for immunohistochemistry techniques 
(IHC), primary antibodies commonly used as markers to differentially detect the 
components of the NMJ (Syntaxin for the nerve terminal and S-100 for the 
terminal Schwann cell) were utilized together with their corresponding secondary 
antibody and a widely used toxin to label acetylcholine receptors, α-BTX 
conjugated with TRICT. Moreover, a specific antibody was used to localize 
Munc18-1 protein, which is the key protein in this thesis. For further information 
about the antibodies used, see Table 2 and 3. 
As a control, primary antibodies were omitted from some muscles during 
the immunohistochemical and Western blot procedures. These control muscles 
never exhibited positive staining or revealed bands of the appropriate molecular 
weight with the respective procedures. In double-staining protocols, omitting 
either one of the two primary antibodies completely abolished the corresponding 
staining and there was no cross-reaction with the other primary antibody. Pre-
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treatment of a primary antibody with an excess of the appropriate blocking 
peptide (between three- and eightfold by weight) in skeletal muscle tissue 
prevented immunolabeling. 
Table 2. Summary of primary antibodies for Western blot and IHC. 
 
 
Table 3. Summary of secondary antibodies and neurotoxins for Western blot and IHC. 
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Biotechnology 
Goat pAb 1:200  
Na/K-ATPase 
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Rabbit pAb 1:10000 
 




Donkey pAb  1:300 
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CHAPTER I. MUNC18-1 PHOSPHORYLATION IS REGULATED BY SYNAPTIC 
ACTIVITY INDUCED BDNF/TrkB/PKC SIGNALING IN THE SKELETAL MUSCLE 
1. Munc18-1 and pMunc18-1 in the adult skeletal muscle: expression, 
location and regulation by calcium and PMA 
1.1. Expression and location of Munc18-1 and pMunc18-1 
Western blot analysis using an antibody raised against Munc18-1 was 
carried out to determine the presence of this protein in the diaphragm skeletal 
muscle of young adult rats (P30-P40). We also immunoblotted samples with an 
anti-phospho-Ser-313-specific Munc18-1 antibody to identify the specific PKC 
phosphorylation of Munc18-1 that is a requisite for exocytosis (Laemmli, 1970).  
The antibody anti-phospho-Munc18-1 was raised against the amino acids 
160-340 of Munc18-1 which include Ser-313, the phosphorylation site for PKC in 
vitro (Fujita et al. 1996).  The antibodies were tested also in spinal cord and brain. 
In all tissues, the antibodies only recognized the corresponding protein, labeling a 
70 kDa band for Munc18-1 and a 67.5 - 68.7 kDa band for pMunc18-1, 
corresponding to the predicted molecular weights provided by the manufacturer’s 
data sheets (figure 21). The Western blot experiments revealed significant 
amounts of Munc18-1 in the diaphragm muscle with a high fraction 
phosphorylated on Ser-313 under basal conditions (isolated muscle that does not 
receive action potentials from the motor neuron soma). Spinal cord and brain 
showed high amounts of Munc18-1 but pMunc18-1 was barely detected in 
agreement with published data (Garcia et al. 1994; Hata et al. 1993; Pevsner et al. 
1994). Specifically, the ventral region of the spinal cord was used, which is where 
the cell bodies of MN innervating the skeletal muscles are located. 
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Figure 21. Munc18-1 and pMunc18-1 distribution in different tissues. Western blot bands 
of Munc18-1 and pMunc18-1 from adult rat skeletal muscle (diaphragm), spinal cord and 
brain under basal conditions. Munc18-1 is expressed in the three tissues but the 
phosphorylated form is only abundant in muscle while it is not appreciable in spinal cord 
and brain. 
Although Munc18-1 is a soluble protein, it has important intracellular 
dynamics depending on its phosphorylation state. Because it has been described 
that in the synapses Munc18-1 can interact with Syntaxin-1 or with other binding 
partners in the membrane or can dissociate from them increasing free Munc18-1 
concentration (Cijsouw et al., 2014), we analyzed Munc18-1 and pMunc18-1 in the 
cytosol and membrane fractions under basal conditions (figure 22).  
 
Figure 22. Membrane and cytosol distribution of Munc18-1 and pMunc18-1 under basal 
conditions.  A) Western blot bands of membrane and cytosol distribution of Munc18-1 and 
pMunc18-1 in basal conditions. B) Western blot bands of Munc18-1 and pMunc18 
quantified as optical density corresponding to A. Results show that, in basal conditions, 
Munc18-1 is located in both cytosol and membrane fractions with a higher presence in the 
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membrane while pMunc18-1 is mainly anchored to the membrane and it is barely 
detectable in the cytosolic fraction. Moreover, glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) is found in the cytosol fraction and undetectable in the membrane fraction. As 
expected, the membrane protein Na+/K+-ATPase is highly enriched in this cellular 
component, and undetectable in the cytosol fraction. Data are mean percentage ± SEM, * p 
< 0.05 (n = 5). Values obtained from Western blot quantification have been normalized in 
relation with the total protein blotted in the membranes. 
Results show that in basal conditions Munc18-1 is located in both, the 
membrane and the cytosol fractions, with a higher presence in the membrane. 
Munc18-1 phosphorylation is highly located in the membrane and it is barely 
detectable in the cytosol. We used GAPDH and ATPase controls to check the 
correct separation between fractions. Results showed that the cytosolic protein 
GAPDH was in the cytosol fraction and essentially undetectable in the membrane 
fraction. In concordance, the membrane protein Na/K-ATPase was highly enriched 
in this cellular component, and undetectable in the cytosol fraction, confirming 
the successful protein extraction.  
1.2. Calcium and PMA promote Munc18-1 phosphorylation 
As it is known that Ser-313 phosphorylation of Munc18-1 occurs in 
response to PKC stimulus in vitro (Fujita et al. 1996) and in synaptosomes (de Vries 
et al., 2000; Barclay et al., 2003), we investigated whether activation of PKC in the 
isolated muscle alters pMunc18-1 in the skeletal muscle. Figure 23 shows that 
both Munc18-1 and phosphorylation of Munc18-1 is markedly increased by 
phorbol 12-myristate 13-acetate (PMA¸ the pan-activator of PKC isoforms) 
treatment (10 nM, 30 minutes) although the ratio pMunc18-1/Munc18-1 is 
decreased (-23.45 % ± 8.06; p<0.05) similarly as it happens in electrically 
stimulated muscles (St) (see later). 
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Figure 23. Phorbol 12-myristate 13-acetate (PMA) treatment increases Munc18-1 and 
pMunc18-1 levels in skeletal muscle. A) Western blot bands of Munc18-1 and pMunc18-1 
from rat diaphragm under basal condition before and after PMA treatment. B) Western blot 
bands of Munc18-1 and pMunc18 quantified as optical density corresponding to A. The 
analysis of percentage of change values confirms the Munc18-1 and pMunc18 statistically 
significant increase after PMA treatment. Data are mean percentage ± SEM, * p < 0.05 (n = 
5). Values obtained from Western blot quantification have been normalized in relation with 
the total protein blotted in the membranes.  
It has been shown previously that Ca2+ (the primary intracellular trigger of 
exocytosis), induces phosphorylation of Munc18-1 on Ser-313 in chromaffin cells 
(Craig et al. 2003). In order to determine whether the phosphorylation is also 
modulated by Ca2+ at the NMJ, muscles were incubated with a Ringer solution of 
0.25mM of Ca2+ or 5mM of Ca2+ for 30 minutes. Figure 24 shows that 
phosphorylation of Ser-313 was markedly increased by high (5mM) Ca2+ Ringer 
whereas the total amount of Munc18-1 decreased. Accordingly, the ratio 
pMunc18-1/Munc18-1 was increased (76.68 % ± 12.04; p<0.05). On the contrary, 
incubation in low Ca2+ Ringer (0.25mM) did not result in any change of pMunc18-1 
level though, in this case, total Munc18-1 was greatly increased (47.89 % ± 5.81; 
p<0.05). Therefore, although the interpretation of these results is complex, the 
data show that the changes in expression and phosphorylation of Munc18-1 on 
Ser-313 depend on Ca2+ at the NMJ in a similar way than in other synapses.  
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Figure 24. Calcium modulates total Munc18-1 and its phosphorylation at the 
neuromuscular junction. A) Western blot bands of Munc18-1 and pMunc18-1 from rat 
diaphragm under basal conditions incubated with different calcium concentrations (30 
minutes). B) Western blot bands of Munc18-1 and pMunc18 quantified as optical density 
corresponding to A. High Ca2+ concentration (5mM) provokes an increase in pMunc18-1 
levels while Munc18-1 significantly decreases. Accordingly, the ratio pMunc18-1/Munc18-1 
is significantly increased. Low Ca2+ concentration (0.25mM) does not modify pMunc18-1 
levels but significantly increases Munc18-1 levels in relation with normal Ringer Ca2+ 
concentration. Therefore, the ratio is significantly decreased. The analysis of percentage of 
change values confirmed the pMunc18-1 increase to be statistically different when treated 
with high Ca2+ Ringer while there is no significant change when treated with low Ca2+. Data 
are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot 
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In conclusion, Munc18-1 is expressed and phosphorylated in basal 
conditions in the skeletal muscle with a predominant location in the membrane 
fraction. Furthermore, phosphorylation of Munc18-1 at Ser-313 occurs in response 
to pharmacologic PKC stimulus and changes in extracellular calcium. However, in 
these two last conditions, expression and phosphorylation are not produced in the 
same manner (see Discussion). 
 Subsequently, immunohistochemical analyses were performed to identify 
the cellular localization of Munc18-1 at the adult neuromuscular junction. 
1.3. Munc18-1 is located in the nerve terminal at the NMJ 
Immunofluorescence staining coupled with confocal microscopy analysis 
was performed to determine the presence and localization of Munc18-1 at the 
adult NMJ. Immunofluorescence experiments were performed in the diaphragm 
and LAL muscles and immunoreactivity for Munc18-1 was identical in both 
muscles. All pictures in figure 25 show intense immunoreactivity for Munc18-1 in 
the synaptic area identified with AChR labeling. A-B shows two NMJs with double 
labeling: AChRs in red and Munc18-1 in green. The en face (25A) and the en side 
(25B) images show Munc18-1-positive green immunolabeling concentrated at the 
presynaptic position, over the red postsynaptic gutters (asterisks in 25B). It can be 
also observed that Munc18-1 label has stronger concentration in some areas 
(arrows). C-G shows NMJs with triple labeling: AChRs in red, the nerve terminal 
(Syntaxin; C-E) or the Schwann cell (S-100; F-G) in blue and Munc18-1 in green. C 
and F show low magnification images reflecting an abundant Munc18-1-positive 
green immunolabeling concentrated at the synapses. D-E show detailed Munc18-
1-positive green immunolabeling concentrated at the presynaptic position over 
the red postsynaptic gutters and colocalized with Syntaxin (E, en side NMJ, 
asterisks). F-G shows that there is not colocalization between Munc18-1 and the 
Schwann cell. In C, D and F it appears that pre-terminal axon is also Munc18-1-
positive. The muscle cell has not been labeled. 
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Figure 25. Munc18-1 is exclusively located in the presynaptic component of the 
neuromuscular junction. Multiple-immunofluorescence-stained muscles visualized at the 
confocal microscope. A) Munc18-1 colocalizes with AChR from a NMJ en face view. B) 
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Munc18-1 colocalizes with AChR from a NMJ en side view. C-D) Munc18-1 colocalizes with 
Syntaxin and AChR from en face view. E) Munc18-1 colocalizes with Syntaxin and AChR from 
en side view. F) Munc18-1 colocalizes with S-100 and AChR from en face view. G) Munc18-1 
colocalizes with S-100 and AChR from a NMJ en side view. To obtain A-B images, the 
staining labelled Munc18-1 in green and postsynaptic AChRs in red. For C-E images, the 
staining labelled Munc18-1 in green, postsynaptic AChRs in red and nerve terminals marked 
by Syntaxin in blue. For F-G images, the staining labelled Munc18-1 in green, postsynaptic 
AChRs in red and perisynaptic Schwann cells marked by S-100 in blue. Scale bars = 10 μm. 
2. Synaptic activity modulates Munc18-1 and pMunc18-1 through nPKCε, 
cPKCβI and BDNF/TrkB signaling pathway 
2.1. Synaptic activity increases Munc18-1 phosphorylation 
Neuronal activity regulates transmitter release at synapses and it has been 
recently established that presynaptic PKC isoforms (whose activity may be related 
with the phosphorylation of Munc18-1) are differently regulated at the NMJ by 
nerve activity and by its resulting muscle activity (Besalduch et al. 2010; Hurtado 
et al. 2017a). Therefore, we first isolated the effect of the presynaptic stimulation 
(and synaptic transmission) from the effect of the muscle cell contraction, by 
performing experiments in which contraction was inhibited. Specifically, synaptic 
activity includes the presynaptic events related with nerve stimulation (1 Hz, 30 
minutes), synaptic transmission and endplate potential generation due to ACh 
signaling (referred to as the Stimulation (St) condition in the figures). Muscle 
contraction includes membrane depolarization of the muscle fiber involving 
voltage-gated sodium channels and the resulting myofiber contraction (referred to 
as the Contraction condition in the figures). In particular, muscle contraction was 
inhibited using µ-CgTx-GIIIB (Obis et al. 2015a,b) that preserves the full 
functionalism of neurotransmission. We performed Western blot analysis and a 
quantitative study (see Analysis techniques in Material and Methods section) to 
analyze the density of the bands and evaluate the relative amount of Munc18-1 
and its phosphorylated form in different conditions of stimulation. The results 
show that the nerve stimulation (1 Hz for 30 minutes) significantly increased 
Munc18-1 (45.06 % ± 9.26; p<0.05) and pMunc18-1 (32.89 % ± 8.3; p<0.05) levels 
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(figure 26). In concordance, the ratio pMunc18-1/Munc18-1 remained the same 
(8.52% ± 7.02; p>0.05). 
 
Figure 26. Synaptic activity increases Munc18-1 and pMunc18-1 levels in skeletal muscle. 
A) Western blot bands of Munc18-1 and pMunc18-1 from rat diaphragm under basal and 
stimulated conditions (Stimulation treatment at 1 Hz for 30 minutes). B) Western blot 
bands of Munc18-1 and pMunc18 quantified as optical density corresponding to A. Results 
show a statistically significant increase of Munc18-1 and pMunc18-1 proteins in stimulated 
samples without contraction in comparison with basal condition samples. Data are mean 
percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot quantification 
have been normalized in relation with total protein blotted in the membranes.  
This effect is similar to the previously described effect of the incubation 
with the activator of PKC, PMA. As it will be showed in the following pages, 
Munc18-1 phosphorylation may be directly modulated by the increased PKC 
activity observed during synaptic activity. Altogether, the results show that nerve 
stimulation increases phosphorylation of Munc18-1 on Ser-313. Moreover, we 
analyzed pMunc18-1 protein level in cytosol and membrane fractions under nerve 
electrical stimulation. Results show that in this condition of activity pMunc18-1 is 
significantly increased in the cytosol fraction (53.91 % ± 3.07; p<0.05; figure 27), 
indicating that the increased amount of Munc18-1 phosphorylated after 
stimulation involves a disconnection of the molecule from the membrane. The 
increase induced by synaptic activity of total levels of Munc18-1 could be 
explained by an increase of its synthesis or, alternatively, by a decrease in its 
degradation. 
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Figure 27. Synaptic activity increases pMunc18-1 levels in the cytosol fraction of skeletal 
muscle while Munc18-1 does not change. A) Western blot bands of membrane and cytosol 
distribution of Munc18-1 and pMunc18-1 both in basal and synaptic activity conditions 
(corresponding to a stimulated (St) treatment). B) Western blot bands of Munc18-1 and 
pMunc18 quantified as optical density corresponding to A. Results show that in synaptic 
activity condition pMunc18-1 increases in the cytosol fraction while total levels of Munc18-
1 do not change. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from 
Western blot quantification have been normalized in relation with total protein blotted in 
the membranes.  
 
Moreover, because the Munc18-1 phosphorylation may be a rapid process 
to facilitate the exocytosis mechanism, we analyzed pMunc18-1 and Munc18-1 at 
shorter times of stimulation (1 min and 10 min, 1Hz). Surprisingly, presynaptic 
stimulation for 1 minute did not modify significantly the pMunc18-1 protein level 
while presynaptic stimulation for 10 minutes significantly increased Munc18-1 
phosphorylation (30.81 % ± 4.41; p<0.05). This value was not different from that 
observed after 30 minutes of stimulation (figure 28). Munc18-1 protein level 
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gradually increased until 30 minutes (figure 28). In concordance, the ratio 
pMunc18-1/Munc18-1 was significantly increased after 10 minutes of nerve 
electrical stimulation (34.53 % ± 6.62; p<0.05). These results suggest that 
activation of Munc18-1 induced by synaptic activity can be relatively fast and 
remains unchanged for a period of time.    
 
Figure 28. Time course of the modulation of Munc18-1 and pMunc18-1 by synaptic 
activity A) Western blot bands of Munc18-1 and pMunc18-1 at 1, 10 and 30 minutes after 
presynaptic stimulation treatment at 1 Hz. B) Western blot bands of Munc18-1 and 
pMunc18 quantified as optical density corresponding to A. Each time-point has been 
compared to its previous time-point. Presynaptic stimulation significantly increases 
pMunc18-1 at 10 minutes. Both Munc18-1 and pMunc18-1 gradually increase until 30 
minutes after electrical stimulation. Data are mean percentage ± SEM, * p < 0.05 (n = 5). 
Values obtained from Western blot quantification have been normalized in relation with 
total protein blotted in the membranes. 
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However, because Munc18-1 phosphorylation does not increase after 1 
minute of stimulation, we next analyzed whether the unchanged pMunc18-1 
protein level at shorter times (1 minute) could be modified by inhibiting the action 
of phosphatases, because several of these enzymes regulate the effects of 
synaptic activity at the NMJ, see Hurtado et al., 2017a (figure 29). Preincubation 
with a cocktail of phosphatase inhibitors significantly increases the pMunc18-1 
level (35.68 % ± 8.13; p<0.05). This indicates that phosphatase activity regulates 
Munc18-1 phosphorylation-dephosphorylation at short stimulation times. It may 
be possible that synaptic activity induces a quick and transient phosphorylation of 
Munc18-1 (maybe related to the immediate fast exocytotic process) whereas 
during continuous nerve stimulation, the level of pMunc18-1 continuously 
increases and is finally sustained for a long period.  
 
Figure 29. Nerve stimulation with preincubated phosphatase inhibitors significantly 
increases pMunc18-1 levels at 1 minute. A) Western blot bands of Munc18-1 and 
pMunc18-1 of skeletal muscle after 1 minute of presynaptic stimulation treatment (1 Hz 
stimulation) preincubated with phosphatase inhibitors. B) Western blot bands of Munc18-1 
and pMunc18 quantified as optical density corresponding to A. Phosphatase inhibition 
significantly increases pMunc18-1 under presynaptic stimulation treatment at 1 minute. In 
accordance, the pMunc18-1/Munc18-1 ratio significantly increases. Data are mean 
percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot quantification 
have been normalized in relation with total protein blotted in the membranes.  
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2.2. Both nPKCε and cPKCβI regulate synaptic-induced Munc18-1 
phosphorylation 
PKC has been involved since many years ago in the control of 
neurotransmitter release (Genc et al. 2014; Hilfiker and Augustine 1999; Katayama 
et al. 2017; Korogod et al. 2007; Leenders and Sheng 2005; Santafé et al. 2005, 
2006; Vaughan et al. 1998) and Munc18-1 is one of its substrates (Fujita et al., 
1996). In particular, nPKCε and cPKCβI isoforms are good candidates to regulate 
the phosphorylation of Munc18-1 because are exclusively located in the nerve 
terminal of the NMJ, regulated by synaptic activity and involved in 
neurotransmitter release (Besalduch et al. 2010; Hurtado et al. 2017a; Obis et al. 
2015b). In order to test whether these two isoforms are involved in the 
phosphorylation of Munc18-1, muscles were exposed to the nPKCε-specific 
translocation inhibitor peptide, epsilon V1-2 (εV1-2; Johnson et al. 1996), and to 
the cPKCβI-specific translocation inhibitor peptide, beta I V5-3 (βIV5-3; Liu et al. 
1999; Zhang et al. 2015) to block the isoform activities. We previously 
demonstrated that the peptides εV1-2 and βIV5-3 inhibit the presence of pnPKCε 
and pcPKCβI respectively in the synaptic membrane of the diaphragm muscle cells 
(Hurtado et al. 2017a; Obis et al. 2015a,b). Accordingly, figure 30.A and B shows 
that incubation with the peptide εV1-2 (100 μM) produces a significant decrease in 
nPKCε and pnPKCε protein levels. In addition, cPKCβI and pcPKCβI levels also 
decrease after incubation with the peptide βIV5-3 (10 μM) (figure 30.C and D). 
These decreases in PKC ε and βI isoforms suggest that these isoforms may be 
tonically involved in some nerve terminal processes. 
Next, we determined how nPKCε and cPKCβI activities affect the level and 
the phosphorylation of Munc18-1 in basal conditions and after presynaptic 
stimulation. 
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Figure 30. The εV1-2 and βIV5-3 peptides inhibit the presence of nPKCε and cPKCβI 
respectively and their phosphorylation levels under basal conditions. A-C) Western blot 
bands of nPKCε and cPKCβI of skeletal muscle under basal conditions preincubated with 
their respective εV1-2 and βIV5-3 peptides. B-D) Western blot bands of nPKCε and cPKCβI 
and their phosphorylation quantified as optical density corresponding to A and C 
respectively. The inhibitor peptides εV1-2 and βIV5-3 significantly decrease both PKC 
isoforms and their phosphorylations under basal conditions. Data are mean percentage ± 
SEM, * p < 0.05 (n = 5). Values obtained from Western blot quantification have been 
normalized in relation with total protein in the membranes. 
2.2.1. nPKCε positively modulates Munc18-1 phosphorylation 
Figure 31 shows that incubation for 30 minutes of the muscles with the 
peptide εV1-2 produces a significant decrease in Munc18-1 and pMunc18-1, 
indicating that in basal conditions nPKCε is regulating the Munc18-1 protein level 
and, maybe consequently, its phosphorylation, suggesting that nPKCε could have a 
tonic effect positively regulating pMunc18-1. The ratio pMunc18-1/Munc18-1 in 
basal conditions was slightly but not significantly decreased (-16.71 % ± 9.82; 
p>0.05).  
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Figure 31. The nPKCε inhibitor εV1-2 peptide modulates Munc18-1 and pMunc18-1 levels 
under basal and synaptic activity conditions. A) Western blot bands of Munc18-1 and 
pMunc18 in skeletal muscle under basal and nerve stimulation conditions (1 Hz stimulation 
for 30 min) preincubated with the nPKCε inhibitor peptide εV1-2. B) Western blot bands of 
Munc18-1 and pMunc18-1 quantified as optical density corresponding to A. The analysis of 
percentage of change values shows that under basal conditions both Munc18-1 and its 
phosphorylation significantly decrease (εV1-2/Ctrl: muscles in basal conditions versus 
preincubated with εV1-2 peptide). Moreover, in both St + εV1-2/ St (synaptic activity 
compared with the εV1-2 peptide) and St + εV1-2/ Ctrl + εV1-2 conditions (basal conditions 
compared with stimulated samples; both treated with εV1-2 peptide) pMunc18-1/Munc18-
1 ratios significantly decrease. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values 
obtained from Western blot quantification have been normalized in relation with total 
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To relate the effects of synaptic activity and nPKCε activity we stimulated (1 
Hz, 30 minutes) phrenic nerve of muscles previously incubated with the blocking 
peptide (100 µM, 30 minutes). We found a significant decrease in pMunc18-1 level 
(-44.96 % ± 10.8; p<0.05) and a significant increase in total Munc18-1 level (65.32 
% ± 7.6; p<0.05) (figure 31). In concordance, the ratio pMunc18-1/Munc18-1 was 
significantly decreased (-69.82 % ± 8.03; p<0.05) indicating that nPKCε specifically 
enhances phosphorylation of Munc18-1 in conditions of increase of synaptic 
activity. 
Furthermore, to know whether nPKCε is responsible of the increase of 
Munc18-1 phosphorylation induced by the nerve stimulation we compared 
Munc18-1 and pMunc18-1 protein levels in control and stimulated samples in 
which nPKCε had been blocked with the inhibitor peptide (St + εV1-2 vs Ctrl + εV1-
2) (figure 31). We found a significant increase of Munc18-1 (73.63 % ± 7.9; p<0.05) 
with a no significant change on pMunc18-1 level (-4.49 % ± 10.74; p>0.05). These 
results show that the inhibitor peptide is able to completely avoid the 
phosphorylation induced by the synaptic activity indicating that nPKCε regulates 
the increase of Munc18-1 phosphorylation induced by the nerve stimulation and 
suggest that this isoform could phosphorylate Munc18-1 at the NMJ. Moreover, 
the inhibitor peptide did not avoid the increase in Munc18-1 that synaptic activity 
caused, but enhanced even more the levels of Munc18-1. This result reinforces the 
idea that nPKCε is not regulating Munc18-1 protein levels induced by the nerve 
stimulation.  
Together, these results emphasize the specific role of nPKCε enhancing 
Munc18-1 phosphorylation in presence of synaptic activity. According it was 
previously reported that the same condition of activity significantly decreased 
pnPKCε (Obis et al. 2015a), indicating that the nPKCε-induced increase of 
pMunc18-1 after synaptic activity is accompanied by a significant decrease of the 
total and phosphorylated nPKCε. Probably, these outcomes are reflecting the well-
known process of the downregulation that PKC undergoes after activation (Gould 
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et al. 2009; Gould and Newton 2008; Kang et al. 2000; Lee et al. 1996; Lu et al. 
1998).  Moreover, it should be noted that nPKCε auto-phosphorylation is not 
induced by synaptic activity and that its reduction due to degradation does not 
affect its kinase function at least on the Munc18-1 substrate. It seems that there is 
a pool of signaling-competent nPKCε ready to phosphorylate the amount of 
substrate available at the start of the synaptic activity (and even at basal 
conditions).    
2.2.2. cPKCβI inhibits Munc18-1 phosphorylation 
We also analyzed the effect of blocking the membrane translocation of 
cPKCβI with the peptide βIV5-3 on Munc18-1 phosphorylation in the skeletal 
muscle. Figure 32 shows that the peptide βIV5-3 decreased total Munc18-1 levels 
but did not change pMunc18-1 in basal conditions (ratio pMunc18-1/Munc18-1: 
40.92 % ± 5.68; p<0.05). However, when the βIV5-3 was preincubated during 
synaptic activity, a significant increase in pMunc18-1 level was observed with no 
change in total Munc18-1. In concordance, the ratio pMunc18-1/Munc18-1 was 
significantly increased (52.35 % ± 7.21; p<0.05), indicating that the role of the 
cPKCβI isoform during synaptic activity contributes to reduce Munc18-1 
phosphorylation. As with nPKCε above, we compared Munc18-1 and pMunc18-1 
protein level in control and stimulated samples in which cPKCβI had been blocked 
with the inhibitor peptide (figure 32). We found a significant increase of Munc18-1 
(26.01 % ± 5.41; p<0.05) with a non-significant change of pMunc18-1 level (-1.2 % 
± 3.35; p>0.05), being the ratio pMunc18-1/Munc18-1: -21.18 % ± 6.74; p<0.05. 
This indicates that, cPKCβI activity is somehow necessary (see discussion) for the 
increase of Munc18-1 phosphorylation induced by the nerve stimulation (figure 
32, last column).  By the contrary, cPKCβI activity seems not involved in the nerve-
induced increased of the Munc18-1 total protein levels (second last column). 
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Figure 32. The cPKCβI inhibitor βIV5-3 peptide modulates Munc18-1 and pMunc18-1 
levels under basal and synaptic activity conditions. A) Western blot bands of Munc18-1 
and pMunc18 in skeletal muscle under basal and nerve stimulation conditions (1 Hz 
stimulation for 30 min) preincubated with the cPKCβI inhibitor peptide βIV5-3. B) Western 
blot bands of Munc18-1 and pMunc18 quantified as optical density corresponding to A. The 
analysis of percentage of change values shows that in both βIV5-3/Ctrl (muscles in basal 
conditions versus preincubated with βIV5-3 peptide) and St + βIV5-3/St (synaptic activity 
compared with the βIV5-3 peptide) conditions, the ratio of pMunc18-1/Munc18-1 
significantly increases. Moreover, in St + βIV5-3/Ctrl + βIV5-3 (basal conditions compared 
with stimulated samples; both treated with βIV5-3 peptide) pMunc18-1/Munc18 ratio is 
significantly decreased. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values 
obtained from Western blot quantification have been normalized in relation with total 
protein blotted in the membranes.  
We previously reported that pPKCβI increases in the membrane fraction 
while total cPKCβI is downregulated during synaptic activity (Hurtado et al. 
2017a,b). This indicates that the synaptic activity induces cPKCβI phosphorylation 
and its activation, being functionally maintained in the membrane. Therefore, and 
in opposition with nPKCε phosphorylation, synaptic activity increases cPKCβI auto-
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phosphorylation suggesting that it promotes cPKCβI competence. In relation with 
the regulation of Munc18-1 phosphorylation, the synaptic activity-induced cPKCβI 
activity would promote a negative effect on pMunc18-1 protein level (not 
detected in basal conditions). Interestingly, Munc18-1 protein levels are 
influenced by PKCβI activity. In concrete, this isoform promotes Munc18-1 levels in 
basal conditions. However, synaptic activity can increase Munc18-1 without PKCβI 
action, as stimulus without cPKCβI keeps increasing Munc18-1 levels (figure 32, 
last column). 
Altogether, our results indicate that both, nPKCε and cPKCβI isoforms 
contribute to regulate Munc18-1 phosphorylation during synaptic activity at the 
NMJ, although nPKCε and cPKCβI work in opposite directions in relation with 
Munc18-1 phosphorylation: cPKCβI seems to reduce phosphorylation while nPKCε 
increases it. Therefore, a balance between the activities of the two isoforms can 
be a relevant cue in the regulation of the exocytotic apparatus. 
2.2.3. Interdependence between nPKCε and cPKCβI isoforms 
Having established that phosphorylation of Munc18-1 is regulated by the 
opposite action of nPKCε and cPKCβI, we next further investigated whether cPKCβI 
signaling regulates nPKCε and whether nPKCε signaling regulates cPKCβI. First, we 
used the cPKCβI-specific translocation inhibitor peptide (βIV5-3) to block the 
corresponding isoform activity. Muscles were then immunoblotted to detect 
nPKCε protein levels and its phosphorylated form in the diaphragm muscle. As 
mentioned above, the peptide decreased the level of the corresponding isoform in 
the synaptic membrane. Figure 33 shows that βIV5-3 was able to significantly 
increase pnPKCε protein levels (with a significant decrease in nPKCε) in both basal 
and synaptic activity conditions. In particular, the ratio pnPKCε/nPKCε significantly 
increased (basal conditions: 106.06 % ± 8.69; p<0.05; synaptic activity: 101.84 % ± 
10.45; p<0.05). Moreover, in St + βIV5-3/Ctrl + βIV5-3 (basal conditions compared 
with stimulated samples; both treated with βIV5-3 peptide) both nPKCε and 
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pnPKCε significantly increased. These results indicate that the cPKCβI isoform 
negatively regulates pnPKCε phosphorylation and maybe its activity. Together, the 
data indicate that as a result of the increase of synaptic activity pnPKCε enhances 
phosphorylation of Munc18-1 and cPKCβI decreases it, maybe through negatively 
regulating the action of pnPKCε. 
 
Figure 33. The cPKCβI inhibitor βIV5-3 peptide modulates nPKCε and pnPKCε levels under 
basal and synaptic activity conditions. A) Western blot bands of nPKCε and pnPKCε in 
skeletal muscle under basal and nerve stimulation conditions (1 Hz stimulation for 30 min) 
preincubated with the cPKCβI inhibitor peptide βIV5-3. B) Western blot bands of nPKCε and 
pnPKCε quantified as optical density corresponding to A. The analysis of percentage of 
change values shows that in both βIV5-3/Ctrl (muscles in basal conditions versus 
preincubated with βIV5-3 peptide) and St + βIV5-3/St (synaptic activity compared with the 
βIV5-3 peptide) conditions, the ratio pnPKCε/nPKCε significantly increases. Moreover, in St 
+ βIV5-3/Ctrl + βIV5-3 (basal conditions compared with stimulated samples; both treated 
with βIV5-3 peptide) both nPKCε and pnPKCε significantly increase. Data are mean 
percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot quantification 
have been normalized in relation with total protein blotted in the membranes.  
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On the contrary, figure 34 shows that εV1-2 was able to significantly 
decrease cPKCβI without changing pcPKCβI protein levels in both basal and 
synaptic activity conditions. These results indicate that pnPKCε isoform enhances 
cPKCβI levels but does not affect its activity. Together, these results demonstrate 
the mutual regulatory influence between nPKCε and cPKCβI. Thus, a hypothesis 
could be formulated on the existence of a finely regulated feedback between 
these two PKC isoforms to properly modulate relevant molecules of the exocytotic 
apparatus. 
 
Figure 34. The nPKCε inhibitor εV1-2 peptide decreases cPKCβI protein levels without 
changing its phosphorylation levels under basal and synaptic activity conditions. A) 
Western blot bands of cPKCβI and pcPKCβI in skeletal muscle under basal and nerve 
stimulation conditions (1 Hz stimulation for 30 min) preincubated with the nPKCε inhibitor 
peptide εVI-2. B) Western blot bands of cPKCβI and pcPKCβI quantified as optical density 
corresponding to A. The analysis of percentage of change values shows that in both εVI-
2/Ctrl (muscles in basal conditions versus preincubated with εVI-2 peptide) and St + εVI-2/St 
(synaptic activity compared with the εVI-2 peptide) the cPKCβI total levels significantly 
decreased, being the ratio pcPKCβI/cPKCβI in this last condition significantly increased. Data 
are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot 
quantification have been normalized in relation with total protein blotted in the 
membranes.  
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2.3. BDNF/TrkB pathway regulates Munc18-1 phosphorylation 
We recently described that synaptic activity enhances BDNF/TrkB signaling 
pathway to increase cPKCβI activity (Hurtado et al. 2017a). To demonstrate 
whether the activation of TrkB is critical to affect pMunc18-1 level, we selectively 
suppressed TrkB activity in electrically nerve-stimulated diaphragm muscles using 
a selective TrkB inhibitor. We used the anti-TrkB antibody 47/TrkB which 
effectively inhibits endogenous BDNF from binding to TrkB receptors (Balkowiec 
and Katz 2000). We measured resultant Munc18-1 and pMunc18-1 levels and 
found that in electrically stimulated muscles, TrkB blockade resulted in a 
significant increase in pMunc18-1 without affecting Munc18-1 level (figure 35). In 
concordance, the ratio pMunc18-1/Munc18-1 significantly increased (99.69 % ± 
14.04; p<0.05). This result suggests that, in conditions of synaptic activity, a TrkB-
mediated tonic effect partly reduces the pMunc18-1 increase, which is produced 
during nerve stimulation. This result reinforces the idea of a negative role of the 
endogenous BDNF-TrkB pathway on Munc18-1 phosphorylation, without affecting 
Munc18-1 protein levels. Surprisingly, however, preincubation with exogenous 
BDNF (10nM, 30 minutes) in nerve-stimulated muscles (St) did not modify the 
pMunc18-1 protein level (figure 35).  
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Figure 35. BDNF/TrkB signaling modulates Munc18-1 and pMunc18-1 levels under 
synaptic activity conditions. A) Western blot bands of Munc18-1 and pMunc18-1 in skeletal 
muscle under presynaptic nerve stimulation treatment (1 Hz stimulation for 30 min) 
preincubated with exogenous BDNF and the sequestering antibody 47/TrkB respectively. B) 
Western blot bands of Munc18-1 and pMunc18-1 quantified as optical density 
corresponding to A. The analysis of the percentage of change values shows that after the 
treatment with BDNF, the ratio of pMunc18-1/Munc18-1 significantly decreases while after 
the 47/TrkB treatment, the ratio significantly increases. Data are mean percentage ± SEM, * 
p < 0.05 (n = 5). Values obtained from Western blot quantification have been normalized in 
relation with total protein blotted in the membranes. 
 
These results show that, even though exogenous BDNF cannot affect the 
phosphorylation of Munc18-1, endogenous BDNF could act through TrkB to 
negatively regulate the phosphorylation of Munc18-1. On the contrary, exogenous 
BDNF slightly but significantly increased the Munc18-1 protein level and it seems 
to positively regulate the increase of Munc18-1 protein levels perhaps inducing its 
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synthesis or alternatively decreasing its degradation. We chose the BDNF dose 
based in a previous dose–response and time-course study in the same muscle 
model to determine its effect on the size of the evoked end-plate potential (EPP) 
(Garcia et al. 2010). Interestingly, exogenous BDNF decreases also Munc18-1 and 
pMunc18-1 levels in basal conditions. 
Altogether, these results show that TrkB signaling negatively regulates 
Munc18-1 phosphorylation. Interestingly, the synaptic activity-induced TrkB 
effects are similar to those of cPKCβI suggesting that cPKCβI and TrkB work 
coordinately to regulate the phosphorylation of Munc18-1 in this condition. 
In summary, our results indicate that the phosphorylation of Munc18-1 at 
the NMJ is increased in response to a signaling mechanism initiated with synaptic 
activity and directly mediated by nPKCε. It seems however, that cPKCβI and TrkB 
activities work to prevent this synaptic activity/nPKCε-induced Munc18-1 
phosphorylation.  
It is not known whether synaptic activity-induced nPKCε activity is also 
regulated by BDNF/TrkB signaling pathway (as it is the cPKCβI activity). Therefore, 
we next performed experiments to assess how the BDNF-sequestering antibody 
47/TrkB affects nPKCε and pnPKCε, when synaptic activity is increased. Figure 36 
shows that pnPKCε level significantly increased (without change of nPKCε) after 
blocking endogenous BDNF under Stimulation condition, indicating that TrkB 
activity decreases the phosphorylation of nPKCε (ratio pnPKCε/nPKCε 147.88 % ± 
10.12; p<0.05) and probably its activity. In concordance, we showed previously 
that blocking TrkB also highly increases pMunc18-1 levels. These results, together, 
are good evidence that pnPKCε activity and pMunc18-1 level are positively related 
and negatively modulated by TrkB in presynaptic stimulation condition. TrkB 
would enhance pcPKCβI activity to prevent the synaptic activity-induced Munc18-1 
phosphorylation mediated by pnPKCε. 
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Figure 36. BDNF/TrkB signaling modulates nPKCε phosphorylation levels under synaptic 
activity conditions. A) Western blot bands of nPKCε and pnPKCε in skeletal muscle under 
presynaptic nerve stimulation treatment (1 Hz stimulation for 30 min) preincubated with 
exogenous BDNF and the sequestering antibody 47/TrkB respectively. B) Western blot 
bands of Munc18-1 and pMunc18-1 quantified as optical density corresponding to A. The 
analysis of the percentage of change values shows that after the 47/TrkB treatment, 
pnPKCε significantly increases without change in the nPKCε total levels. In accordance, the 
ratio is significantly increased. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values 
obtained from Western blot quantification have been normalized in relation with total 
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3. Muscle contraction prevents Munc18-1 phosphorylation against the 
activity of nPKCε, cPKCβI and BDNF/TrkB 
3.1. Muscle contraction prevents the synaptic activity-induced 
Munc18-1 phosphorylation 
In previous studies, it has been established that the presynaptic PKC 
isoforms ε and βI are differently regulated by nerve activity and by its resulting 
muscle activity in the NMJ (Besalduch et al. 2010; Hurtado et al. 2017a; Obis et al. 
2015a). Specifically, muscle activity per se has a critical role to enhance 
presynaptic nPKCε and cPKCβI protein levels. Therefore, we next investigated the 
role of muscle contraction over Munc18-1 protein level and its phosphorylation, 
and also the relationship with these PKC isoforms. In our experimental design, we 
can distinguish the effects of synaptic activity from those of muscle contraction 
(Table 1). Synaptic activity includes the presynaptic events related with nerve 
stimulation (1 Hz, 30 minutes), synaptic transmission and endplate potential 
generation due to ACh signaling (referred to as the Stimulation (St) condition in 
the figures). Muscle contraction includes membrane depolarization of the muscle 
fiber involving voltage-gated sodium channels and the resulting myofiber 
contraction (referred to as the Contraction condition in the figures). Finally, 
presynaptic Stimulation with Contraction treatment comprises the effects of 
synaptic activity and muscle contraction, showing complete neuromuscular 
activity.  
Figure 37 shows that the electrical stimulation of synaptic inputs to the 
diaphragm muscle followed by the resulting muscle contraction (contrary to what 
happens in the condition of only stimulation without contraction previously 
described) did not change the amount of Munc18-1 and pMunc18-1 (although a 
non-significant decrease is detected). Interestingly, when the effect of muscle 
contraction was itself analyzed by comparing stimulated muscles with unaltered 
contraction (Stimulation with Contraction) with stimulated muscles that were 
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preincubated with μ-CgTx-GIIIB (Stimulation), we found that the concurrence of 
muscle contraction with electrically stimulated synaptic activity prevented the 
Munc18-1 increase and even promoted a slightly significant reduction in 
pMunc18-1 level (-22.85 % ± 6.5; p<0.05). In concordance, the ratio of pMunc18-
1/Munc18-1 was maintained (-15.48 % ± 2.4; p>0.05). These results indicate that 
muscle contraction per se prevents (or reverts to control values) the nerve activity-
induced Munc18-1 and pMun18-1 increase (showed in figure 26).  
 
Figure 37. Muscle contraction downregulates pMunc18-1 levels in the skeletal muscle. A) 
Western blot bands of Munc18-1 and pMunc18-1 from rat diaphragm treated with 
electrical stimulation at 1 Hz for 30 minutes with contraction and only contraction. B) 
Western blot bands of Munc18-1 and pMunc18 quantified as optical density corresponding 
to A. Contraction results show a statistically significant decrease of pMunc18-1. Data are 
mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot 
quantification have been normalized in relation with total protein blotted in the 
membranes. 
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We next wanted to know whether muscle contraction prevents the nerve-
induced phosphorylation of Munc18-1 even a short times of stimulation. 
Therefore, we performed experiments at 1, 10 and 30 minutes with nerve-
electrical stimulation resulting in muscle contraction. Results showed that 10 
minutes of stimulation resulting in muscle contraction slightly increased Munc18-1 
phosphorylation (18.06 % ± 8.52; p>0.05) but declined under baseline at 30 
minutes of electrical stimulation (figure 38). On the contrary, stimulation for 1 
minute with muscle contraction significantly decreased total Munc18-1 protein 
levels (-34.41 % ± 3.74; p<0.05) (figure 38), further decreased after 10 minutes of 
stimulation (-49.19 % ± 7.02; p<0.05) and raised back to near baseline by 30 
minutes of electrical stimulation (-17.43 % ± 3.35; p>0.05, compared with a non-
stimulated control) (figure 38). The time course evolution of pMunc18-1 between 
1-10 minutes is similar during stimulation with and without contraction although 
lower in contraction. However, the effect of muscle contraction when the 
stimulation is longer (10-30 minutes) is to significantly decrease pMunc18-1 
protein levels. Together, these results indicate that muscle contraction prevents 
phosphorylation of Munc18-1 only when a continuous stimulation is performed.   
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Figure 38. Time course of the modulation of Munc18-1 and pMunc18-1 by muscle 
contraction. A) Western blot bands of Munc18-1 and pMunc18-1 at 1, 10 and 30 minutes 
after presynaptic stimulation with contraction treatment at 1 Hz. B) Western blot bands of 
Munc18-1 and pMunc18 quantified as optical density corresponding to A. Each time-point 
has been compared to its previous time-point. Muscle contraction significantly increases 
pMunc18-1 at 10 minutes. Moreover, Munc18-1 significantly decreases at 1 minute and is 
maintained until 30 minutes. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values 
obtained from Western blot quantification have been normalized in relation with total 
protein blotted in the membranes. 
 
3.2. Both nPKCε and cPKCβI promote Munc18-1 phosphorylation in 
muscle contraction conditions 
To test whether nPKCε is related to Munc18-1 phosphorylation when nerve 
stimulation results in muscle contraction, we analyzed pMunc18-1 level in nerve 
stimulated contracting muscles preincubated with the peptide εV1-2. We found a 
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slight but significant decrease in pMunc18-1 levels with unchanged levels of total 
Munc18-1 (figure 39). In concordance, the ratio of pMunc18-1/Munc18-1 
significantly decreased (-20.59 % ± 5.1; p<0.05). This result indicates that nPKCε 
positively regulates Munc18-1 phosphorylation in nerve stimulated contracting 
muscles.  
 
Figure 39. nPKCε modulates Munc18-1 phosphorylation levels under synaptic activity with 
muscle contraction conditions. A) Western blot bands of Munc18-1 and pMunc18-1 in 
skeletal muscle under nerve stimulation conditions (1 Hz stimulation for 30 min) resulting in 
contraction preincubated with the nPKCε inhibitor peptide εV1-2. B) Western blot bands of 
Munc18-1 and pMunc18-1 quantified as optical density corresponding to A. The analysis of 
the percentage of change values shows that the phosphorylation of Munc18 as well as the 
ratio of pMunc18-1/Munc18-1 significantly decrease. Data are mean percentage ± SEM, * p 
< 0.05 (n = 5). Values obtained from Western blot quantification have been normalized in 
relation with the total protein blotted in the membranes.  
 
When the βIV5-3 peptide is preincubated in muscles in which nerve 
stimulation results in muscle contraction, there is a significant decrease in 
pMunc18-1 level accompanied with a significant increase of total Munc18-1 
protein level (figure 40). The ratio of pMunc18-1/Munc18-1 significantly 
decreased (-48.55 % ± 10.1; p<0.05). This result indicates that during the full 
activity of the NMJ including muscle contraction, the role of the cPKCβI positively 
contributes to increase pMunc18-1. The increased levels of Munc18-1 observed 
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when the peptide βIV5-3 is incubated under muscle contraction conditions could 
be explained because cPKCβI negatively regulates the synthesis of Munc18-1 
and/or because Munc18-1 is accumulated as a result of the drop in its 
phosphorylation. 
 
Figure 40. cPKCβI modulates Munc18-1 phosphorylation levels under synaptic activity 
with muscle contraction conditions. A) Western blot bands of Munc18-1 and pMunc18-1 
in skeletal muscle under nerve stimulation conditions (1 Hz stimulation for 30 min) resulting 
in contraction preincubated with the cPKCβI inhibitor peptide βIV5-3. B) Western blot 
bands of Munc18-1 and pMunc18-1 quantified as optical density corresponding to A. The 
analysis of the percentage of change values shows that the ratio of pMunc18-1/Munc18-1 
significantly decreases. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values 
obtained from Western blot quantification have been normalized in relation with the total 
protein blotted in the membranes. 
 
 Figure 41 shows that βIV5-3 significantly enhances pnPKCε protein level 
and a diminution of nPKCε in synaptic activity resulting in muscle contraction 
condition. The ratio pnPKCε/nPKCε significantly increased (102.96 % ± 9.65; 
p<0.05). These results indicate that cPKCβI isoform negatively regulates pnPKCε 
phosphorylation activity. This effect is the same as doing cPKCβI on nPKCε under 
synaptic activity conditions. 
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Figure 41. cPKCβI modulates nPKCε and pnPKCε levels under synaptic activity with muscle 
contraction conditions. A) Western blot bands of nPKCε and pnPKCε in skeletal muscle 
under nerve stimulation conditions (1 Hz stimulation for 30 min) resulting in contraction 
preincubated with the cPKCβI inhibitor peptide βIV5-3. B) Western blot bands of nPKCε and 
pnPKCε quantified as optical density corresponding to A. The analysis of the percentage of 
change values shows that the ratio of the phosphorylation of nPKCε as well as 
pnPKCε/nPKCε significantly increases. Data are mean percentage ± SEM, * p < 0.05 (n = 5). 
Values obtained from Western blot quantification have been normalized in relation with 
the total protein blotted in the membranes.   
 
Altogether, the results show that nerve stimulation increases 
phosphorylation of Munc18-1 on Ser-313 and that the resulting nerve-induced 
muscle contraction induces an important change that prevents the effect of nerve 
stimulation by itself on Munc18-1 and pMunc18-1 levels when a continuous 
stimulation is performed. Moreover, nPKCε positively regulates Munc18-1 
phosphorylation both in basal and synaptic activity conditions (with and without 
contraction), being higher the effect of nPKCε in synaptic activity without 
contraction. The cPKCβI isoform negatively regulates pnPKCε phosphorylation 
activity in all the studied activity conditions. However, during the full activity of the 
NMJ, including muscle contraction, the role of the cPKCβI shifts to increase 
pMunc18-1. 
UNIVERSITAT ROVIRA I VIRGILI 
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS 
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI 
Anna Simó Ollé 




3.3. BDNF/TrkB pathway promotes Munc18-1 phosphorylation in 
muscle contraction conditions 
Because the BDNF/TrkB is a key pathway that affects nPKCε and cPKCβI 
isoforms and it is influenced by muscle contraction (Hurtado et al. 2017a; Obis et 
al. 2015a), we next analyzed the regulation of Munc18-1 and pMunc18-1 protein 
levels by the BDNF/TrkB in muscle contraction conditions. Moreover, we described 
above that the continued occurrence of neurotransmission and contractile activity 
causes an important drop of pMunc18-1 after 30 minutes. Blocking TrkB with 
47/TrkB in the Stimulation and Contraction condition, did not change Munc18-1 
(figure 42) indicating that endogenous BDNF does not affect Munc18-1 protein 
level. However, pMunc18-1 significantly decreased when TrkB was blocked with 
47/TrkB (figure 42), a result which suggests that phosphorylation of Munc18-1 
seems produced dependently of the TrkB signaling. Surprisingly, exogenous BDNF 
in the Stimulation and Contraction condition significantly decreased pMunc18-1 
and Munc18-1 protein levels (figure 42). This result indicates that exogenous BDNF 
and endogenous BDNF act differently, suggesting that the first one could be 
binding a different receptor. The result also reinforces the idea that exogenous 
BDNF has the same effect as contraction, both reducing pMunc18-1 level. This 
could have two explanations, BDNF could have an additional effect over the 
muscle contraction through an independent pathway or BDNF could be part of the 
same pathway that muscle contraction triggers. Evidence support that muscle 
contraction induces BDNF synthesis (Hurtado et al. 2017a). In this regard, the 
present results could indicate that the pathway triggered by postsynaptic 
contraction is not saturated at the moderate frequency of stimulation of 1 Hz and 
can be enhanced adding exogenous BDNF. Altogether, these results show that 
TrkB signaling regulates Munc18-1 phosphorylation without affecting total 
Munc18-1 protein levels. Synaptic activity enhances Munc18-1 phosphorylation 
while the resulting muscle contraction decreases it. Interestingly, the synaptic 
activity and the muscle contraction induced similar effects on TrkB and on cPKCβI, 
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suggesting that both molecules work coordinately to regulate the phosphorylation 
of Munc18-1 under these conditions. 
 
Figure 42. BDNF/TrkB signaling modulates Munc18-1 and its phosphorylation levels under 
synaptic activity with contraction conditions. A) Western blot bands of Munc18-1 and 
pMunc18-1 in skeletal muscle under presynaptic nerve stimulation with contraction 
treatment (1 Hz, 30 min) preincubated with exogenous BDNF and the sequestering antibody 
47/TrkB respectively. B) Western blot bands of Munc18-1 and pMunc18-1 quantified as 
optical density corresponding to A. The analysis of the percentage of change values shows 
that both treatments significantly decrease pMunc18-1 levels. Moreover, in BDNF 
treatment Munc18-1 total levels significantly decrease. Data are mean percentage ± SEM, * 
p < 0.05 (n = 5). Values obtained from Western blot quantification have been normalized in 
relation with total protein in the membranes. 
Thus, these results demonstrate that muscle contraction prevents the 
synaptic activity–induced Munc18-1 phosphorylation against the activity of nPKCε, 
cPKCβI and TrkB. 
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CHAPTER II. SNAP-25 PHOSPHORYLATION IS INDUCED BY SYNAPTIC ACTIVITY 
AND MEDIATED BY THE nPKCε ISOFORM IN THE SKELETAL MUSCLE 
1. SNAP-25 and pSNAP-25 in the adult skeletal muscle: expression, location 
and regulation by calcium and PMA 
1.1. Expression and location of SNAP-25 and pSNAP-25 
Western blot analysis using an antibody raised against SNAP-25 was carried 
out to determine the presence of this protein in the diaphragm skeletal muscle of 
young adult rats (P30-P40).  We also immunoblotted samples with an anti-
phospho-Ser-187-specific SNAP-25 antibody to identify the specific 
phosphorylation of SNAP-25 (Shimazaki et al., 1996). This antibody is a synthetic 
phosphopeptide that was raised against the amino acid residues surrounding the 
phospho Ser-187 of rat SNAP-25, the phosphorylation site for PKC in vitro (Kataoka 
et al. 2000; Leenders and Sheng 2005; Nagy et al. 2002). The antibodies were 
tested also in spinal cord and brain. In all tissues, the antibodies only recognized 
the corresponding protein, labelling a 28 kDa band for pSNAP-25, which 
corresponded to the predicted molecular weight in accordance with the 
manufacturer’s data sheets (figure 43). The Western blot experiments revealed 
significant amounts of SNAP-25 in the diaphragm muscle with a high fraction 
phosphorylated on Ser-187 under basal conditions (figure 43). The ventral part of 
the spinal cord and the brain showed also higher amounts of SNAP-25 than 
pSNAP-25 in agreement with published data (Oyler et al., 1992; Mandolesi et al., 
2009). 
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Figure 43. SNAP-25 and pSNAP-25 distribution in different tissues. Western blot bands of 
SNAP-25 and pSNAP-25 from adult rat skeletal muscle (diaphragm), spinal cord and brain 
under basal conditions. Both SNAP-25 and pSNAP-25 are expressed in the three tissues with 
a higher presence in the skeletal muscle. 
We analyzed SNAP-25 and pSNAP-25 in the cytosol and the membrane 
fractions in basal conditions (figure 44). Results show that SNAP-25 and pSNAP-25 
are located in both the membrane and the cytosol fractions, being predominant in 
the membrane. We used GAPDH and ATPase controls to check for the correct 
separation between membrane and cytosol fractions. Results showed that the 
cytosolic protein GAPDH was in the cytosol fraction and essentially undetectable in 
the membrane fraction. In concordance, the membrane protein Na+/K+-ATPase 
was highly enriched in this cellular component, and undetectable in the cytosol 
fraction, confirming the successful protein extraction. 
 
Figure 44. Membrane-cytosol distribution of SNAP-25 and pSNAP-25 under basal 
conditions. A) Western blot bands of membrane and cytosol distribution of SNAP-25 and 
pSNAP-25 in basal conditions. B) Western blot bands of SNAP-25 and pSNAP-25 quantified 
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as optical density corresponding to A. Results show that in basal conditions, both SNAP-25 
and pSNAP-25 are located predominantly in the membrane fraction. Moreover, 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is found in the cytosol fraction and 
undetectable in the membrane fraction. As expected, the membrane protein Na+/K+-ATPase 
is highly enriched in this cellular component, and undetectable in the cytosol fraction. Data 
are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot 
quantification have been normalized in relation with the total protein blotted in the 
membranes. 
1.2. PMA and calcium modulates SNAP-25 protein levels 
As it is known that Ser-187 phosphorylation of SNAP-25 occurs in 
response to PKC stimulus (Shimazaki et al., 1996; Nagy et al., 2002; Lau et al., 
2010), we investigated whether activation of PKC in the isolated muscle alters 
pSNAP-25. Figure 45 shows that SNAP-25 is markedly increased by the pan-
activator of PKC isoforms, the PMA treatment (10nM, 30 minutes). Surprisingly, 
PMA did not affect the phosphorylation of SNAP-25. The ratio pSNAP-25/SNAP-25 
decreased (-30.16 % ± 4.81, p<0.05). Thus, PMA did not affect the phosphorylation 
of SNAP-25, but only its total level. 
 
Figure 45. Phorbol 12-myristate 13-acetate (PMA) treatment increases SNAP-25 total 
levels in skeletal muscle. A) Western blot bands of SNAP-25 and pSNAP-25 from rat 
diaphragm under basal condition without and with PMA treatment. B) Western blot bands 
of SNAP-25 and pSNAP-25 quantified as optical density corresponding to A. The analysis of 
the percentage of change values shows a significant increase of SNAP-25 after PMA 
treatment without affecting pSNAP-25. In accordance, the pSNAP-25/SNAP-25 ratio is 
significantly decreased. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values 
obtained from Western blot quantification have been normalized in relation with the total 
protein blotted in the membranes.  
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Previously, intracellular Ca2+ (the primary intracellular trigger for 
exocytosis) has been shown to induce the phosphorylation of SNAP-25 on Ser-187 
in neural and chromaffin cells (Shimazaki et al., 1996; Yang et al., 2007; Pozzi et al., 
2008). In order to ascertain whether the phosphorylation is also modulated by 
Ca2+ at the NMJ, muscles were incubated with a Ringer solution of 0.25mM or 
5mM of Ca2+ for 30 minutes. Figure 46 shows that both, expression and 
phosphorylation on Ser-187 was decreased by high (5mM) Ca2+ Ringer. 
Accordingly, the ratio pSNAP-25/SNAP-25 was maintained. On the contrary, 
incubation in low Ca2+ Ringer (0.25mM) significantly increased pSNAP-25 level 
though, in that case, total SNAP-25 decreased. Therefore, although the 
interpretation of these results is complex, it seems that changes in the expression 
and phosphorylation of SNAP-25 on Ser-187 depend somehow on Ca2+ at the NMJ. 
It is interesting that high calcium concentrations decrease the phosphorylation of 
SNAP-25 while increase the phosphorylation of Munc18-1 and more details have 
been provided in the discussion. 
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Figure 46. Calcium modulates total SNAP-25 and pSNAP-25 at the neuromuscular 
junction. A) Western blot bands of SNAP-25 and pSNAP-25 from rat diaphragm under basal 
conditions incubated with different calcium concentrations (30 minutes). B) Western blot 
bands of SNAP-25 and pSNAP-25 quantified as optical density corresponding to A. The 
analysis of the percentage of change values confirms that a high Ca2+ concentration (5mM) 
provokes a significant decrease in both SNAP-25 and pSNAP-25 levels. Low Ca2+ 
concentrations (0.25mM) significantly decreased SNAP-25 levels and increased in pSNAP-25 
with resect to normal Ringer Ca2+ concentration. Therefore, the ratio is significantly 
increased. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from 
Western blot quantification have been normalized in relation with the total protein blotted 
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2. Effects of synaptic activity over SNAP-25 and pSNAP-25 and through 
nPKCε, cPKCβI and BDNF/TrkB signaling pathway 
2.1. Synaptic activity increases SNAP-25 phosphorylation 
Next, we analyzed whether synaptic activity regulates SNAP-25 protein 
levels. We separated the effect of the presynaptic stimulation (and synaptic 
transmission) from the effect of the muscle cell contraction, by performing 
experiments in which contraction was inhibited. As previously described, muscle 
contraction was inhibited using µ-CgTx-GIIIB (Favreau et al., 1999) that preserves 
the full functionalism of neurotransmission. We performed Western blot analysis 
and a quantitative study to analyze the density of the bands and evaluate the 
relative amount of SNAP-25 and its phosphorylated form in different conditions of 
stimulation. The results showed that the nerve stimulation (1 Hz for 30 minutes) 
significantly increased pSNAP-25 levels (46.12 % ± 6.31; p<0.05), without change 
SNAP-25 levels. In concordance, the ratio pSNAP-25/SNAP-25 significantly 
increased (51.99 % ± 9.91; p<0.05) (figure 47). 
 
Figure 47. Synaptic activity increased pSNAP-25 levels in skeletal muscle. A) Western blot 
bands of SNAP-25 and pSNAP-25 from rat diaphragm under basal and stimulated conditions 
(Stimulation treatment at 1 Hz for 30 min). B) Western blot bands of SNAP-25 and pSNAP-
25 quantified as optical density corresponding to A. Results show a statistically significant 
increase of pSNAP-25 in stimulated samples without contraction in comparison with basal 
condition samples. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained 
from Western blot quantification have been normalized in relation with the total protein 
blotted in the membranes.  
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Moreover, we analyzed SNAP-25 and pSNAP-25 protein level in cytosol 
and membrane fractions under electrical stimulation through the nerve. Results 
showed that in this condition of activity pSNAP-25 was significantly increased in 
the membrane fraction (20.92 ± 4.32, p<0.05; figure 48), indicating that the 
increased amount of pSNAP-25 after stimulation involves an enhanced association 
of the molecule to the membrane.  
 
Figure 48. Synaptic activity increases pSNAP-25 levels in the membrane fraction of 
skeletal muscle. A) Western blot bands of membrane and cytosol distribution of SNAP-25 
and pSNAP-25 both in basal and synaptic activity conditions (corresponding to a stimulated 
(St) treatment). B) Western blot bands of SNAP-25 and pSNAP-25 quantified as optical 
density corresponding to A. Results show that in synaptic activity condition SNAP-25 
increases in the membrane fraction while total levels of SNAP-25 do not change. Data are 
mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot 
quantification have been normalized in relation with total protein in the membranes.   
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We analyzed pSNAP-25 and SNAP-25 along the time of stimulation (1, 10 
and 30 min, 1Hz). Stimulation for 1 and 10 minutes did not modify the levels of 
SNAP-25 and their phosphorylated form (figure 49). 
 
Figure 49. Time course of the modulation of SNAP-25 and pSNAP-25 by synaptic activity 
A) Western blot bands of SNAP-25 and pSNAP-25 at 1, 10 and 30 minutes after presynaptic 
stimulation treatment at 1 Hz. B) Western blot bands of SNAP-25 and pSNAP-25  quantified 
as optical density corresponding to A. Each time-point has been compared to its previous 
time-point. Presynaptic stimulation did not modify the SNAP-25 and pSNAP-25 level at 1 
and 10 minutes. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from 
Western blot quantification have been normalized in relation with the total protein blotted 
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2.2. nPKCε but not cPKCβI  modulates synaptic-induced pSNAP-25 
SNAP-25 is a PKC substrate (Shimazaki et al., 1996; Risinger and Bennett, 
1999) and we tested whether the two presynaptic exclusive isoforms of PKC, 
nPKCε and cPKCβI, are involved in its phosphorylation. Muscles were treated with 
the nPKCε-specific translocation inhibitor peptide, epsilon V1-2 (εV1-2; Johnson et 
al., 1996a), and to the cPKCβI-specific translocation inhibitor peptide, beta I V5-3 
(βIV5-3; Liu et al. 1999; Zhang et al. 2015) to block the respective isoform activities 
in the muscle (Hurtado et al. 2017a; Obis et al. 2015a,b). Next, we determined 
how nPKCε and cPKCβI activities affect the level and the phosphorylation of SNAP-
25 in basal conditions and after presynaptic stimulation. 
Figure 50 shows that incubation for 30 minutes of the muscles with the 
peptide εV1-2 produced a significant decrease in SNAP-25 and pSNAP-25 
indicating that, in basal conditions of the skeletal muscle, nPKCε upregulates 
SNAP-25 protein level and its phosphorylation. The ratio pSNAP-25/SNAP-25 in 
basal conditions was significantly increased (27.34 % ± 5.5; p<0.05) indicating that 
nPKCε has a tonic effect positively regulating pSNAP-25. 
To link the effects of synaptic activity and nPKCε activity, we stimulated (1 
Hz, 30 minutes) phrenic nerve of muscles previously incubated with the blocking 
peptide (100 µM, 30 minutes). We found a significant decrease in pSNAP-25 level 
(-27.53 % ± 7.23; p<0.05) without a change in the total SNAP-25 level (-8.37 % ± 
5.22; p>0.05) (Figure 50). In concordance, the ratio pSNAP-25/SNAP-25 was 
significantly decreased (-20.91 % ± 4.96; p<0.05) indicating that nPKCε specifically 
enhances phosphorylation of SNAP-25 in conditions of increase of synaptic 
activity. 
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Figure 50. The nPKCε inhibitor εV1-2 peptide modulates SNAP-25 and pSNAP-25 levels 
under basal and synaptic activity conditions. A) Western blot bands of SNAP-25 and 
pSNAP-25 in skeletal muscle under basal and nerve stimulation conditions (1 Hz stimulation 
for 30 min) preincubated with the nPKCε inhibitor peptide εV1-2. B) Western blot bands of 
SNAP-25 and pSNAP-25 quantified as optical density corresponding to A. The analysis of the 
percentage of change values shows that under basal conditions both SNAP-25 and its 
phosphorylation significantly decrease in relation with the treatment with the inhibitory 
peptide (εV1-2/Ctrl: muscles in basal conditions versus preincubated with εV1-2 peptide). 
Moreover, in St + εV1-2/ St (synaptic activity compared with the εV1-2 peptide) condition, 
pSNAP-25 significantly decreases. Data are mean percentage ± SEM, * p < 0.05 (n = 5). 
Values obtained from Western blot quantification have been normalized in relation with 
the total protein blotted in the membranes.  
Furthermore, to know whether nPKCε is responsible of the increase in 
SNAP-25 phosphorylation induced by the nerve stimulation we compared SNAP-25 
and phosphoSNAP-25 protein levels in control and stimulated samples in which 
nPKCε had been blocked with the inhibitor peptide (St + εV1-2 vs Ctrl + εV1-2; 
figure 50). We found no significant change on SNAP-25 (6.4 % ± 3.11; p>0.05) nor 
pSNAP-25 levels (2.98 % ± 1.81; p>0.05). These results show that the inhibitor 
peptide completely avoids the phosphorylation induced by the synaptic activity 
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and emphasizes the specific role of nPKCε enhancing SNAP-25 phosphorylation in 
presence of synaptic activity. 
Figure 51. A and B shows that in basal conditions, nPKCε is present mainly 
in the membrane and pnPKCε is almost equally distributed in the membrane and 
cytosol. Electrical stimulation did not change significantly this distribution (figures 
51.C and D). Interestingly, when the total fraction of these proteins is analyzed 
synaptic activity without contraction reduces the levels of both nPKCε and pnPKCε, 
suggesting that in spite of this increased turnover, pnPKCε would be able to 
phosphorylate SNAP-25 (and also Munc18-1, see Discussion and figures 31 and 
50). 
 
Figure 51. Membrane and cytosol distribution of nPKCε and pnPKCε under basal and 
synaptic activity conditions. A-C) Membrane and cytosol location of nPKCε and pnPKCε 
levels in basal conditions (A) and basal compared with synaptic activity conditions (C). B-D) 
Western blot bands of nPKCε and pnPKCε quantified as optical density corresponding to A 
and C, respectively. Results show that in basal conditions (B), nPKCε was essentially located 
in the membrane fraction while pnPKCε was equally located in both fractions. In synaptic 
activity condition (D) both nPKCε and pnPKCε did not change their distribution. Data are 
mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot 
quantification have been normalized in relation with the total protein blotted in the 
membranes. 
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We analyzed also the effect of blocking the membrane translocation of 
cPKCβI with the peptide βIV5-3 on SNAP-25 phosphorylation in the skeletal 
muscle. Figure 52 shows that the peptide βIV5-3 did not change total SNAP-25 and 
pSNAP-25 in basal conditions (ratio pSNAP-25/SNAP-25: -13.82 % ± 5.31; p>0.05). 
Moreover, when the βIV5-3 is preincubated during synaptic activity neither 
pSNAP-25 nor SNAP-25 level were affected. In concordance, the ratio pSNAP-
25/SNAP-25 remained unchanged (-11.19 % ± 6.1; p>0.05) indicating that cPKCβI 
isoform does not contributes to SNAP-25 phosphorylation during synaptic activity. 
As with nPKCε above, we compared SNAP-25 and pSNAP-25 protein levels in 
control and stimulated samples in which cPKCβI had been blocked with the 
inhibitor peptide (figure 52). We did not found any change in both SNAP-25 (5.2 % 
± 3.3; p>0.05) and pSNAP-25 (9.36 % ± 8.75; p>0.05) level. This reinforces that 
cPKCβI activity is not necessary for the increase of SNAP-25 phosphorylation 
induced by the nerve stimulation. The results indicate that only nPKCε isoform 
contributes to positively regulate SNAP-25 phosphorylation during synaptic 
activity at the NMJ.  
UNIVERSITAT ROVIRA I VIRGILI 
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS 
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI 
Anna Simó Ollé 





Figure 52. The cPKCβI inhibitor βIV5-3 peptide does not modulate SNAP-25 nor pSNAP-25 
levels under basal and synaptic activity conditions. A) Western blot bands of SNAP-25 and 
pSNAP-25 in skeletal muscle under basal and nerve stimulation conditions (1 Hz stimulation 
for 30 min) preincubated with the cPKCβI inhibitor peptide βIV5-3. B) Western blot bands of 
SNAP-25 and pSNAP-25 quantified as optical density corresponding to A. The analysis of the 
percentage of change values shows that in any case cPKCβI modulates SNAP-25 nor its 
phosphorylation. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from 
Western blot quantification have been normalized in relation with total protein blotted in 
the membranes. 
2.3. BDNF/TrkB pathway does not modulate pSNAP-25 
As mentioned previously, we know that presynaptic activity enhances 
BDNF/TrkB signaling pathway to increase cPKCβI activity (Hurtado et al. 2017a) 
and decrease phosphorylation of nPKC. To demonstrate whether the activation of 
TrkB is critical to affect pSNAP-25 levels, we selectively suppressed TrkB activity in 
electrically nerve-stimulated diaphragm muscles using a selective TrkB inhibitor. 
We used an anti-TrkB antibody (47/TrkB) which effectively inhibits BDNF binding 
to TrkB receptors (Balkowiec and Katz 2000). We measured resultant SNAP-25 and 
pSNAP-25 levels and found that in electrically stimulated muscles, TrkB blockade 
UNIVERSITAT ROVIRA I VIRGILI 
EFFECTS OF NEUROMUSCULAR ACTIVITY COUPLED TO BDNF/TRKB SIGNALING ON THE EXOCYTOTIC PROTEINS 
MUNC18-1 AND SNAP-25 THROUGH NPKCE AND CPKCSSI 
Anna Simó Ollé 




did not result in a significant change (figure 53). In concordance, the ratio pSNAP-
25/SNAP-25 remained the same (-6.5 % ± 7.71; p>0.05).  
 
Figure 53. BDNF/TrkB signaling does not modulate SNAP-25 nor pSNAP-25 levels under 
synaptic activity conditions. A) Western blot bands of SNAP-25 and pSNAP-25 in skeletal 
muscle under presynaptic nerve stimulation treatment (1 Hz stimulation for 30 min) 
preincubated with exogenous BDNF and the sequestering antibody 47/TrkB respectively. B) 
Western blot bands of SNAP-25 and pSNAP-25 quantified as optical density corresponding 
to A. The analysis of the percentage of change values shows that neither SNAP-25 nor 
pSNAP-25 are modified after BDNF or 47/TrkB treatment. Data are mean percentage ± SEM, 
* p < 0.05 (n = 5). Values obtained from Western blot quantification have been normalized 
in relation with the total protein blotted in the membranes.  
This result suggests that, during synaptic activity, TrkB is not mediating 
any modulation of the pSNAP-25 phosphorylation, which is produced during nerve 
stimulation. In concordance, preincubation with exogenous BDNF (10nM, 30 
minutes) in nerve-stimulated muscles (St) did not modify the SNAP-25 and pSNAP-
25 levels (figure 53). These results is in accordance with the idea that there is a 
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functional relation between TrkB and cPKCβI activity. In this case, none of the two 
molecules regulates SNAP-25 protein levels nor its phosphorylation. It is 
particularly noteworthy that, on the contrary, both molecules do exert a negative 
regulation on Munc18-1 phosphorylation (see Discussion).  
In summary, our results indicate that the phosphorylation of SNAP-25 at 
the NMJ is increased in response to a signaling mechanism initiated with synaptic 
activity and directly mediated by nPKCε without the direct involvement of the 
cPKCβI and TrkB activities.  
3. Effects of nerve-induced muscle contraction over SNAP-25 and their 
phosphorylation 
3.1. Muscle contraction slightly downregulates pSNAP-25 
It has been established previously that the presynaptic PKC isoforms ε and 
βI are differently regulated at the NMJ by nerve activity and by its resulting muscle 
activity (Besalduch et al. 2010; Hurtado et al. 2017a; Obis et al. 2015a). 
Specifically, muscle activity per se has a critical role in the enhancement of 
presynaptic nPKC and cPKCβI protein levels through BDNF/TrkB signaling. 
Therefore, we next investigated the role of muscle contraction over SNAP-25 
protein level and phosphorylation, and the relationship with these PKC isoforms.  
Figure 54 shows that the electrical stimulation of synaptic inputs to the 
diaphragm muscle followed by the resulting muscle contraction (contrary to what 
happens in the condition of stimulation without contraction and showed 
previously) did not change the amount of SNAP-25 (1.92 % ± 6.9; p>0.05) and 
pSNAP-25 (-11.28 % ± 3.69; p>0.05). Interestingly, when the effect of muscle 
contraction was itself analyzed by comparing stimulated muscles with unaltered 
contraction (St + Contraction) versus stimulated muscles that were preincubated 
with μ-CgTx-GIIIB (St), (Contraction experiment in the figure, right columns), we 
found that the concurrence of muscle contraction with electrically stimulated 
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synaptic activity did not change SNAP-25 but significantly decreased its 
phosphorylated form levels (-33.35 % ± 5.38; p<0.05). In accordance, the resulting 
pSNAP-25/SNAP-25 ratio was unchanged (-17.92 % ± 7.28; p>0.05).  
 
 
Figure 54. Muscle contraction downregulates pSNAP-25 levels in skeletal muscle. A) 
Western blot bands of SNAP-25 and pSNAP-25 from rat diaphragm submitted to electrical 
stimulation with contraction with or without contraction. B) Western blot bands of SNAP-25 
and pSNAP-25 quantified as optical density corresponding to A. Contraction results showed 
a significant decrease of pSNAP-25. Data are mean percentage ± SEM, * p < 0.05 (n = 5). 
Values obtained from Western blot quantification have been normalized in relation with 
the total protein blotted in the membranes.  
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We next wanted to know whether muscle contraction changes the nerve-
induced phosphorylation of SNAP-25 at short times of stimulation (Figure 55). 
Results show that 10 minutes of stimulation resulting in muscle contraction 
decreased SNAP-25 (-24.36 % ± 2.51; p<0.05) which, however, recovered the 
control value at 30 minutes. There was non-significant change in the level of 
pSNAP-25 at anytime. These results indicate that the concurrence of muscle 
contraction with electrically stimulated synaptic activity does not change 
phosphorylation of SNAP-25 over the time and respect of the control, but it 
decreases respect the Stimulation conditions at 30 minutes.  
 
Figure 55. Time course of the modulation of SNAP-25 and pSNAP-25 by muscle 
contraction. A) Western blot bands of SNAP-25 and pSNAP-25 at 1, 10 and 30 minutes after 
presynaptic stimulation with contraction treatment at 1 Hz. B) Western blot bands of SNAP-
25 and pSNAP-25 quantified as optical density corresponding to A. Each time-point has 
been compared to its previous one. Muscle contraction significantly decreased SNAP-25 at 
10 minutes. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from 
Western blot quantification have been normalized in relation with the total protein blotted 
in the membranes. 
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3.2. nPKCε and cPKCβI promotes SNAP-25 phosphorylation in muscle 
contraction conditions 
To test whether nPKCε is also related to SNAP-25 phosphorylation when 
nerve stimulation results in muscle contraction, we also analyzed pSNAP-25 level 
in electrical stimulated contracting muscles preincubated with the peptide εV1-2. 
We found a significant decrease in pSNAP-25 levels (-26.55 % ± 3.17; p<0.05) with 
unchanged levels of total SNAP-25 (9.07 % ± 3.4; p>0.05) (figure 56). In 
concordance, the ratio of pSNAP-25/SNAP-25 significantly decreased (-32.65 % ± 
4.97; p<0.05). This result indicates that nPKCε positively regulates SNAP-25 
phosphorylation in electrical stimulated contracting muscles similarly to the 
observed in stimulated muscles in which contraction is prevented.  
 
Figure 56. nPKCε modulates pSNAP-25 levels under synaptic activity with muscle 
contraction conditions. A) Western blot bands of SNAP-25 and pSNAP-25 in skeletal muscle 
under nerve stimulation conditions (1 Hz stimulation for 30 min) resulting in contraction 
preincubated with the nPKCε inhibitor peptide εV1-2. B) Western blot bands of SNAP-25 
and pSNAP-25 quantified as optical density corresponding to A. The analysis of the 
percentage of change values shows that the ratio of pSNAP-25/SNAP-25 significantly 
decreases. Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from 
Western blot quantification have been normalized in relation with total protein in the 
membranes.  
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When the βIV5-3 peptide was preincubated in muscles in which nerve 
stimulation resulted in muscle contraction, there was not any modification in 
SNAP-25 (7.62 % ± 3.3; p>0.05) nor pSNAP-25 level (-18.23 % ± 6.47; p>0.05) 
(figure 57). This result indicates that during the full activity of the NMJ, which 
includes muscle contraction, cPKCβI does not regulate pSNAP-25. 
 
Figure 57. cPKCβI does not modulate neither SNAP-25 and pSNAP-25 levels under synaptic 
activity with muscle contraction. A) Western blot bands of SNAP-25 and pSNAP-25 in 
skeletal muscle under nerve stimulation conditions (1 Hz stimulation for 30 min) resulting in 
contraction preincubated with the cPKCβI inhibitor peptide βIV5-3. B) Western blot bands 
of SNAP-25 and pSNAP-25 quantified as optical density corresponding to A. The analysis of 
the percentage of change values shows that these proteins are not significantly modified. 
Data are mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot 
quantification have been normalized in relation with the total protein blotted in the 
membranes. 
 
Altogether, the results show that nerve stimulation increases 
phosphorylation of SNAP-25 on Ser-187 and that the resulting nerve-induced 
muscle contraction is involved to returns it at basal condition levels. Moreover, 
nPKCε positively regulates SNAP-25 phosphorylation both in basal conditions and 
in synaptic activity conditions (with and without contraction). Finally, the cPKCβI 
isoform does not regulate SNAP-25 phosphorylation in any of the studied activity 
conditions.  
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3.3. BDNF/TrkB pathway does not modulate pSNAP-25 in muscle 
contraction conditions 
Because muscle contraction is a key factor that regulates nPKCε and 
cPKCβI isoforms through the BDNF/TrkB pathway (Hurtado et al. 2017a; Obis et al. 
2015a), we next analyzed the possible regulation of SNAP-25 and pSNAP-25 
protein levels by the BDNF/TrkB signaling pathway. Blocking TrkB with 47/TrkB in 
the Stimulation and Contraction condition, did not change SNAP-25 (10.54 % ± 
5.38; p>0.05) and pSNAP-25 (-11.31 % ± 4.07; p>0.05) (figure 58) indicating that 
endogenous BDNF does not affect SNAP-25 nor pSNAP-25 protein levels in this 
condition of electric stimulation. In concordance, exogenous BDNF in the 
Stimulation and Contraction condition did not change SNAP-25 (5.36 % ± 2.2; 
p>0.05) nor pSNAP-25 protein level (-14.53 % ± 5.25; p>0.05) with a resulting 
pSNAP-25/SNAP-25 ratio of -18.88 % ± 5.23; p>0.05 (figure 58). This result 
indicates that the BDNF/TrkB signaling is not regulating SNAP-25 nor its 
phosphorylation. 
In summary, the phosphorylation of SNAP-25 at the NMJ is increased in 
response to a signaling mechanism initiated with synaptic activity (St) and directly 
mediated by nPKCε. cPKCβI and TrkB activities are not involved in this pathway. 
Moreover, the concurrence of muscle contraction intervenes to return to the basal 
condition of phosphorylation. 
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Figure 58. BDNF/TrkB signaling does not modulate neither SNAP-25 nor pSNAP-25 levels 
under synaptic activity with contraction conditions. A) Western blot bands of SNAP-25 and 
pSNAP-25 in skeletal muscle under presynaptic nerve stimulation with contraction 
treatment (1 Hz, 30 min) preincubated with exogenous BDNF and the sequestering antibody 
47/TrkB respectively. B) Western blot bands of SNAP-25 and pSNAP-25 quantified as optical 
density corresponding to A. The analysis of the percentage of change values shows that 
neither of the treatments significantly modulate SNAP-25 nor its phosphorylation. Data are 
mean percentage ± SEM, * p < 0.05 (n = 5). Values obtained from Western blot 
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CHAPTER I. SYNAPTIC ACTIVITY INDUCED BDNF/TrkB/PKC SIGNALING CONTROLS 
THE PHOSPHORYLATION OF MUNC18-1 IN THE SKELETAL MUSCLE 
Munc18-1 knockout mice show complete loss of neurotransmitter release 
from synaptic vesicles throughout development and die immediately after birth 
(Verhage et al. 2000), demonstrating that Munc18-1 is essential for appropriate 
neurotransmitter secretion. No other protein related with exocytosis produces a 
comparably severe block of fusion when deleted.  Munc18-1 is a neuron-specific 
member of the Sec1/Munc18 protein family that is involved in neurotransmitter 
release by binding tightly to Syntaxin 1. This binding holds it in a closed 
conformation and prevents the assembly of the ternary SNARE complex of the 
vesicular protein Synaptobrevin, the plasmalemma protein SNAP-25 and Syntaxin 
(Dulubova et al. 1999; Hata et al. 1993; Liu et al. 2004; Medine et al. 2007; Misura 
et al. 2000; Yang et al. 2000). Moreover, Munc18-1 functions as a chaperone by 
delivering Syntaxin 1 to the plasma membrane (Arunachalam et al. 2008; Han et al. 
2009). Furthermore,  Munc18-1 binds to the N-terminus of Syntaxin 1 (“open 
conformation”), to release it in a state that is primed for its interaction with the 
other SNARE proteins and allowing the formation of SNARE complex (Khvotchev et 
al. 2007; Shen et al. 2007; Smyth et al. 2010; Südhof and Rothman 2009). 
Furthermore, Munc18-1 also able to bind to the assembled SNARE complex 
(Dulubova et al. 2007; Rodkey et al. 2008; Shen et al. 2007; Xu et al. 2010). It has 
been proposed that whereas SNARE proteins force fusing membranes into close 
proximity, Munc18-1 riding on top of assembling SNARE complexes, may enable 
lipid mixing between the fusing membranes (Südhof, 2013). 
Modification of the interaction between Munc18-1 and Syntaxin could 
therefore be an important mechanism for the regulation of synaptic vesicle 
exocytosis. However, how Munc18-1 proteins work together with SNARE 
complexes for fusion is still unclear. 
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In the neuromuscular system, evidence supports PKC signaling as a 
fundamental regulator of neuromuscular function. In particular, presynaptic 
protein phosphorylation by PKCs is an important mechanism that regulates 
transmitter release (Byrne and Kandel 1996; Catterall 1999; Numann et al. 1994; 
Santafé et al. 2005, 2006; Tomàs et al. 2014; West et al. 1991). Multiple studies 
show evidence that PKC phosphorylates several molecules of synaptic vesicle 
exocytotic apparatus and there is evidence that these PKC-mediated 
phosphorylations contribute directly to the regulation of the neurotransmitter 
release (Snyder et al. 2006). Munc18-1 is one of the PKC- substrates in the 
exocytotic apparatus phosphorylated on Ser-306 and Ser-313 in vitro. These 
phosphorylation events reduce the amount of Munc18-1 able to bind Syntaxin 
(Fujita et al., 1996). Cdk5 (cyclin-dependent kinase 5), a member of the Cdc2 
family of cell division kinases, also phosphorylates Munc18-1 in threonine residue 
574 (Fletcher et al., 1999) but it has been demonstrated that PKC is the main 
kinase for Munc18-1, and cdk5 has only a minor role (de Vries et al., 2000).  
Although Munc18-1 is a target of PKC, there is not information about 
which PKC isoforms could be involved in the regulation of its phosphorylation and, 
even, no studies have been performed in the NMJ to corroborate the role of PKC 
in regulating phosphorylation of molecules of the core exocytic machinery. 
Because cPKCβI and nPKCε isoforms are exclusively located at the nerve terminal 
of the NMJ and are regulated by synaptic activity through the BDNF/TrkB signaling 
pathway (Besalduch et al. 2010; Hurtado et al. 2017a; Obis et al. 2015a), it could 
be suggested that one or both of these isoforms could regulate Munc18-1 
phosphorylation in an activity-dependent way. Thus, in this study, we localized 
Munc18-1 at the neuromuscular synapse and we investigated the hypothesis that 
cPKCβI and nPKCε regulate Munc18-1 phosphorylation. The results demonstrate 
that phosphorylation of Munc18-1 at the NMJ is increased in response to a 
signaling mechanism initiated with synaptic activity and directly mediated by 
nPKCε. The cPKCβI and TrkB activities work to prevent this synaptic activity –
induced Munc18-1 phosphorylation. Muscle contraction prevents Munc18-1 
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phosphorylation, when a continuous stimulation is performed. nPKCε, cPKCβI and 
TrkB activities enhance Munc18-1 phosphorylation in this condition, suggesting 
that contraction could regulate the nPKCε and cPKCβI and TrkB activities. 
1. Munc18-1 and pMunc18-1 in the adult skeletal muscle: expression, 
location and regulation by calcium and PMA 
1.1. Munc18-1 presence in the nerve terminal of the NMJ 
Munc18-1 is distributed ubiquitously in mammalians (de Vries et al., 
2000) due to its importance in neurotransmission, and its function suggests that it 
has a presynaptic location. Our immunohistochemical results confirm that at the 
NMJ. We immunolabeled muscles to colocalize Munc18-1 with proteins 
corresponding to identify elements of the NMJ (Syntaxin for the axon and 
presynaptic terminal, S-100 for the Schwann cell, and AChR for the postsynaptic 
membrane in the myocyte). As the results show, Munc18-1 is localized in the 
presynaptic element, over the postsynaptic gutters. There is no colocalization with 
the Schwann cell but there is a positive coincidence with Syntaxin (figure 25, 
inset), which confirms that Munc18-1 is present in the nerve terminal. It is also 
important to remark that in concrete areas there is a bigger immunosignal which 
may correspond to places close to the active zones where Syntaxin realizes its 
function with the help of Munc18-1. Also, the colocalization with Syntaxin is in 
accordance with the Munc18-1 function, which is implicated in the synaptic vesicle 
release when the nervous impulse arrives to the terminal button (Dulubova et al. 
1999; Garcia et al. 1994; Pevsner et al. 1994; Yang et al. 2000).  
1.2. Calcium and PMA promotes Munc18-1 phosphorylation  
The PKC phosphorylation on Munc18-1 Ser-306 and Ser-313 has been 
determined to reduce the ability of Munc18-1 to bind to Syntaxin (Fujita et al., 
1996). Later, it was demonstrated that phosphorylation on these sites occurs also 
in intact cells and was shown that phosphorylation of Ser-313 of Munc18-1 in 
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response of PKC activation leads to change in the kinetics of vesicle fusion and 
release (de Vries et al., 2000; Barclay et al., 2003). In relation with these facts, we 
used two antibodies against Munc18-1. One interacted with the protein around 
Tyr-157 and recognized the total amount of protein, the second one interacted 
with the residues 307-319 of Munc18-1 that includes Ser-313 but only recognized 
it in the phosphorylated form (anti-pMunc18-1). As it has been shown in the 
results section, we detected important amounts of Munc18-1 in brain and barely 
less in spinal cord. We also found no detectable phosphorylation of Munc18-1 in 
these tissues as previously reported (de Vries et al., 2000). Here, we describe for 
the first time to our knowledge the levels of Munc18-1 and pMunc18-1 in the 
skeletal muscle. Skeletal muscle shows high amounts of pMunc18-1 in basal 
conditions. In contrast to what happens in brain and spinal cord, pMunc18 level is 
markedly detected and this fact may mean a specific functional adaptation in 
muscle. As compared with the central nervous system synapses, the high number 
of synaptic vesicles released per impulse and thus, the high quantal content of the 
resultant postsynaptic potentials may be related with this presumed adaptation. 
Both Munc18-1 and pMunc18-1 are located mainly in the membrane fraction 
although they are also detected in the cytosol. This result indicates that, at basal 
conditions, there is a high portion of total and phosphorylated Munc18-1 attached 
to the membrane. This tendency may be linked to the SNARE complex once 
Munc18-1 has been released from Syntaxin after its phosphorylation. This result 
favours the hypothesis of the permanent assembly of Munc18-1 with the SNARE 
complex contributing to organize de docking-fusion sites (see Südhof 2013). 
It was described in adrenal chromaffin cells that Munc18-1 is 
phosphorylated on Ser-313 in response of phorbol ester treatment, demonstrating 
that PKC is involved on it (Barclay et al., 2003). The increase of phosphorylated 
Munc18-1 that we found when stimulating PKCs with PMA proves that this family 
of serine/threonine kinases regulates phosphorylation of Munc18-1 also in the 
skeletal muscle and suggest that PKC is involved in neurotransmitter release at the 
NMJ probably through the phosphorylation of Munc18-1 protein. Although it has 
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been controversially suggested that the effects of phorbol esters on 
neurotransmission are due to Munc13 (Rhee et al., 2002), we now provide 
evidence that Munc18-1 is a key substrate to neurotransmission that is also 
affected by phorbol esters through PKC. Interestingly, PMA incubation also 
significantly increased Munc18-1 protein levels at the skeletal muscle being the 
ratio pMunc18-1/Munc18-1 the same than in basal conditions. This Munc18-1 
increase also occurs in active stimulated muscles (see later) and suggest that PKC 
activation favours also the expression of the total protein in addition of their 
phosphorylation or, alternatively, Munc18-1 degradation could decrease. 
Furthermore, because synaptic function is tightly linked with Ca2+ influx, we 
also studied the effect of different Ca2+ concentrations in phosphorylated Munc18-
1 levels on Ser-313 in the NMJ. Results show that when calcium concentration is 
raised to 5mM, a dose that results in a higher level of transmitter release (Santafe 
et al. 2001, 2007), the ratio pMunc18-1/Munc18-1 was significantly increased. On 
the other hand, low calcium levels did not change the amount of phosphorylated 
protein but the ratio pMunc18-1/Munc18-1 was significantly decreased (there was 
a significant increase of total Munc18-1 protein levels). Further experiments are 
needed to better characterize the nerve-induced phosphorylation of Munc18-1 
dependence on the influx of Ca2+.  
In conclusion, Munc18-1 is expressed and phosphorylated in basal 
conditions in the skeletal muscle with a predominant location in the membrane 
fraction. Furthermore, phosphorylation of Munc18-1 at Ser-313 occurs in response 
to pharmacologic PKC stimulus and changes in extracellular calcium. However, in 
these two last conditions, expression and phosphorylation are not regulated in the 
same direction. Although in these two conditions pMunc18-1 increases, PMA 
increases Munc18-1 whereas calcium decreases it. We think that the different 
effects of PMA and calcium over the PKC isoforms could explain this difference. 
PMA is able to stimulate all PKC isoforms in the regulatory domain resulting in the 
increase of expression and phosphorylation of Munc18-1. The increased calcium 
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inflow in high calcium media may enhance the activation of the calcium-
dependent isoforms which may do not contribute directly to favour Munc18-1 
expression in these conditions. In accordance, we found (figure 24) that in 
opposition with the outcome of high calcium, Munc18-1 expression is increased in 
low calcium media. 
2. Synaptic activity modulates Munc18-1 and its phosphorylation through 
nPKCε and cPKCβI isoforms and BDNF/TrkB signaling pathway 
2.1. Synaptic activity enhances Munc18-1 and its phosphorylation 
When an action potential arrives at the presynaptic nerve terminal, the 
subsequent Ca2+ influx triggers the exocytotic fusion of synaptic vesicles containing 
neurotransmitter in the NMJ, which induces muscle contraction. Therefore, we 
investigated at the skeletal muscle whether synaptic activity regulates the 
phosphorylation of Munc18-1. Our results show that a moderate increase in the 
nerve activity (1 Hz, 30 minutes) significantly increases Munc18-1 and pMunc18-1 
levels in the NMJ indicating that synaptic activity modulates phosphorylation of 
Munc18-1. This result is in concordance with previous one showing that 
depolarization of the nerve terminal in synaptosomes triggers Munc18-1 
phosphorylation (de Vries et al., 2000). We also found that under nerve electrical 
stimulation pMunc18-1 is significantly decreased in the membrane fraction (figure 
27), indicating that the increased amount of Munc18-1 phosphorylated after 
stimulation involves a disconnection of the molecule from the membrane. This 
fact can be related with the described release of Munc18-1 from Syntaxin after 
phosphorylation (de Vries et al., 2000; Cijsouw et al., 2014). However, we found 
also that in resting basal condition there is a particular high amount of pMunc18-1 
attached to the membrane, supporting the notion of the permanent assembly of 
Munc18-1 with the SNARE complex to organize de docking-fusion sites (see 
Südhof, 2013). The release of pMunc18-1 from the membrane during the 
continuous activity may be related with the turnover of vesicles and related 
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molecules. The synaptic activity-induced increase of total levels of Munc18-1 could 
be explained by an increase of its synthesis or alternatively by a decrease in its 
degradation. 
The data on the pMunc18-1 we obtained after 30 minutes of imposed 
synaptic activity (or those obtained with PMA incubation) can show the adaptative 
steady changes of a very rapid mechanism of vesicle movements. In fact, we show 
here that changes in pMunc18-1 cannot be observed at 1 minute of stimulation 
(60 stimuli), but can be revealed in the presence of inhibitors of phosphatases. 
This suggests that the balance phospho-dephosphorylation of Munc18-1 during 
synaptic activity is displaced in favour of accumulate the phosphorylated form. 
This indicates that phosphatase activity regulates Munc18-1 phosphorylation-
dephosphorylation at short stimulation times whereas with continuous activity the 
level of pMunc18-1 continuously increases to be finally sustained for a long period. 
This effect would be related with a positive adaptive plasticity. 
Our results show that although phosphorylation of Munc18-1 is markedly 
increased by electrically stimulated muscles, the ratio pMunc18-1/Munc18-1 is not 
significantly affected, similarly as it happens in PMA-stimulated muscles. As 
previously stated, this indicates the parallel increase of expression and 
phosphorylation in these two conditions. We found similar results in electrical 
nerve stimulated muscles and in muscles treated with PMA suggesting that 
Munc18-1 phosphorylation may be directly modulated by the increased PKC 
activity observed during synaptic activity. PKC has been involved since many years 
ago in the control of neurotransmitter release. In neurons, PKC regulates several 
different stages of the synaptic vesicle exocytotic process, suggesting that these 
multiple actions of PKC are mediated by phosphorylation of distinct protein 
targets. One of the exocytotic proteins identified as PKC substrate is Munc18-1 
(Dulubova et al. 2007; Südhof and Rothman 2009; de Vries et al. 2000). Although 
there are several PKC isoforms differentially distributed at the NMJ (Besalduch et 
al. 2010, 2013; Hilgenberg and Miles 1995; Lanuza et al. 2000; Li et al. 2004; Obis 
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et al. 2015a; Perkins et al. 2001), nPKCε and cPKCβI are exclusively located in the 
nerve terminal of the NMJ, regulated by synaptic activity and involved in 
neurotransmitter release (Besalduch et al. 2010; Hurtado et al. 2017a; Obis et al. 
2015a,b). Here we found that these two isoforms are involved in the 
phosphorylation of Munc18-1 incubating the muscles with the corresponding 
specific translocation inhibitor peptides, εV1-2 (Johnson et al., 1996a) and βIV5-3 
(Liu et al. 1999; Zhang et al. 2015) to block the isoform activities. 
2.2. nPKCε isoform enhances Munc18-1 phosphorylation both in 
basal and synaptic activity conditions 
It has been showed that neurotransmission is modulated by PKCs that are 
typically activated by translocating to the membrane in their phosphorylated form 
(Gould and Newton 2008; Lanuza et al. 2014). It has been previously shown that 
Munc18-1 is a substrate for PKC and cyclin-dependent kinase 5 (Cdk5) in vitro 
(Fujita et al., 1996). Moreover, it is known that PKC is the principal kinase that 
modulates Munc18-1 pool, because Munc18-1 phosphorylation evoked by 
depolarization of the nerve terminals was Ca2+ dependent and was blocked by 
PKC-inhibitors while Cdk5- inhibitors had smaller effect (de Vries et al., 2000). 
Although there is evidence that PKC is the main kinase that phosphorylates 
Munc18-1, it is unknown which PKC isoform could be the one able to 
phosphorylate it. One of the aims of this study was to determine whether nPKCε 
isoform is involved in Munc18-1 phosphorylation. The motivation to investigate in 
this direction is that nPKCε is an isoform of the novel PKC family exclusively 
located in the nerve terminal of the NMJ and in brain (Chen and Tian 2011; 
Moraczewski et al. 2002; Obis et al. 2015a; Shirai et al. 2008) and, moreover, it is 
implicated in the neurotransmission mechanism (Obis et al. 2015a,b). Now, our 
results demonstrate that blocking the nPKCε with εV1-2, which inhibits the 
presence of pnPKCε in the synaptic membrane of the diaphragm muscle cells, 
heavily inhibited Munc18-1 phosphorylation indicating that nPKCε plays a key role 
in Munc18-1 phosphorylation not only in basal conditions but also under 
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stimulation (with and without contraction). Therefore, the effect of nPKCε over 
neurotransmission could be induced through Munc18-1 phosphorylation. 
The present results emphasize the specific role of nPKCε enhancing 
Munc18-1 phosphorylation in presence of synaptic activity. Accordingly it was 
previously reported that pnPKCε significantly decreased in the same condition 
(Obis et al. 2015a) indicating that the nPKCε-induced increase of pMunc18-1 after 
synaptic activity is accompanied by a significant decrease of the total and 
phosphorylated nPKCε probably reflecting the well-known process of the 
downregulation of the PKC after its activation (Gould et al. 2009; Gould and 
Newton 2008; Kang et al. 2000; Lee et al. 1996; Lu et al. 1998). Moreover, it should 
be noted that nPKCε auto-phosphorylation is not induced by synaptic activity and 
that its decrease due to degradation does not affect its kinase function. It seems 
that there is a pool of signaling-competent nPKCε that is ready to phosphorylate 
the amount of substrate available at the start of the synaptic activity (and even at 
basal conditions). 
2.3. cPKCβI isoform negatively modulates Munc18-1 
phosphorylation during synaptic activity 
cPKCβI is an isoform of the conventional PKC family that, as nPKCε is also 
located in the nerve terminal of the NMJ, is regulated by synaptic activity and 
involved in ACh release (Besalduch et al. 2010; Hurtado et al. 2017a). Here we 
demonstrate that the role of the cPKCβI isoform during synaptic activity 
contributes to reduce Munc18-1 phosphorylation. However and interestingly, 
cPKCβI activity seems also necessary for the increase of Munc18-1 
phosphorylation induced by the nerve stimulation and positively modulated by 
nPKCε.  As with nPKCε above, we compared Munc18-1 and pMunc18-1 protein 
levels in control and stimulated samples in which cPKCβI had been blocked with 
the corresponding inhibitor peptide (figure 32). We found a significant increase of 
Munc18-1 with a no significant change on pMunc18-1 level. This indicates that, in 
some way, cPKCβI activity is necessary for the increase of Munc18-1 
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phosphorylation induced by the nerve stimulation (figure 32, last column). There 
are several possible explanations to the best understanding of this complex 
situation. We observed that cPKCβI inhibits nPKCε both in the control (basal 
condition) and during electrical stimulation. Thus, it will be expected that the 
pMunc18-1 values were higher in both situations when cPKCβI is blocked with 
their inhibitor peptide because nPKCε could operate without the cPKCβI control. 
Thus, the values of pMunc18-1 may rise similarly in the control and in stimulated 
muscles without significant difference between them, which is in accordance with 
what we found. 
We previously reported that pcPKCβI significantly increases in the 
membrane fraction while total cPKCβI is downregulated during synaptic activity 
(Hurtado et al. 2017a,b). This indicates that the synaptic activity induces cPKCβI 
phosphorylation and its activation, being functionally maintained in the 
membrane. Therefore, and in opposition with nPKCe phosphorylation, synaptic 
activity increases cPKCβI auto-phosphorylation suggesting that it promotes cPKCβI 
competence. In relation with the regulation of Munc18-1 phosphorylation, the 
synaptic activity-induced cPKCβI activity would promote a negative effect on 
pMunc18-1 protein level (not detected in basal conditions). Interestingly, Munc18-
1 protein levels are influenced by cPKCβI activity. In particular, this isoform 
promotes Munc18-1 levels in basal conditions. However, synaptic activity can 
increase Munc18-1 without cPKCβI action, as stimulus without cPKCβI (in the 
presence of the peptide) keeps increasing Munc18-1 levels (figure 32, last 
column). 
In summary, our results indicate that both, nPKCε and cPKCβI isoforms 
contribute to regulate Munc18-1 phosphorylation during synaptic activity at the 
NMJ, although cPKCβI and nPKCε work in opposite directions in relation with 
Munc18-1 phosphorylation. cPKCβI seems to reduce phosphorylation and nPKCε 
increases it. Therefore, a balance between the activities of the two isoforms can 
be a relevant cue in the regulation of the exocytotic apparatus. Moreover, our 
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results also show a mutual interdependence between the protein levels of these 
isoforms. Together, these findings demonstrate the mutual regulatory influence 
between nPKCε and cPKCβI. Thus, the hypothesis can be formulated on the 
existence of a mutual negative feedback between these two PKC isoforms to 
properly modulate relevant molecules of the exocytotic apparatus. 
2.4. BDNF/TrkB pathway downregulates Munc18-1 phosphorylation 
during synaptic activity 
BDNF is a molecule which has been identified as a product derived from the 
contraction of skeletal myocytes in vitro (Matthews et al., 2009). It is well accepted 
that, in the NMJ system, synaptic activity has a role in BDNF expression. It has 
been identified that basal synaptic activity is required to maintain BDNF levels 
(Gomez-Pinilla et al. 2002). Moreover, it has been demonstrated that exogenous 
BDNF is also able to influence synaptic plasticity (Schinder, 2000; Aguado, 2003). 
Altogether, it could be said that BDNF and TrkB signaling is a key regulator of the 
neuromuscular activity (Garcia et al. 2010; Gomez-Pinilla et al. 2002; Mantilla et al. 
2004). Moreover, we recently described that synaptic activity enhances the 
BDNF/TrkB signaling pathway to increase cPKCβI activity (Hurtado et al. 2017a). 
Therefore, here, we investigate the involvement of TrkB pathway in the 
regulation of the pMunc18-1 level. Our data show that during synaptic activity, a 
TrkB-mediated tonic effect (through endogenous BDNF) does not affect Munc18-1 
protein levels though opposes to the pMunc18-1 increase that occurs in 
stimulated muscles. However, exogenous BDNF seems to positively regulate a 
moderate increase of Munc18-1 protein levels but does not affect their 
phosphorylation. Thus, results show that exogenous BDNF cannot affect Munc18-1 
phosphorylation but endogenous BDNF could act through TrkB to negatively 
regulate phosphorylation of Munc18-1. It is possible that TrkB receptor sites are 
more accessible for the endogenous BDNF than for the BDNF exogenously applied 
through the media. Also, some saturation of the TrkB pathway by endogenous 
BDNF production (preventing additional effect of exogenous BDNF) cannot be 
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discarded. Interestingly, exogenous BDNF decreases also pMunc18-1 levels in 
basal conditions. Thus, it may be that in the resting state, there is not much 
endogenous BDNF production and the TrkB sites are free to exogenous BDNF 
access that promotes pMunc18-1 reduction similarly to the high endogenous 
BDNF (or NT-4 or both) production during imposed synaptic activity. In addition, 
we observed (Hurtado et al. 2017a; Obis et al. 2015a) that in active electrically 
stimulated muscles, that incubation with exogenous BDNF does not change de 
phosphorylation and activation of both cPKCβI and nPKCε. This is in accordance 
with the lack of effect of exogenous BDNF on pMunc18-1. 
As stated, synaptic activity enhances the BDNF/TrkB pathway to increase 
cPKCβI activity (Hurtado et al. 2017a). We found here that, on the contrary, TrkB 
activity decreases phosphorylation of nPKCε. Because the TrkB activity also 
decrease pMunc18-1, results indicate that, in presynaptic stimulation conditions,  
pnPKCε activity and pMunc18-1 level are positively related with each other and 
negatively modulated by TrkB. Therefore, TrkB would enhance pcPKCβI activity to 
prevent the synaptic activity-induced Munc18-1 phosphorylation mediated by 
nPKCε. 
3. Muscle contraction prevents Munc18-1 phosphorylation against the 
activity of nPKCε, cPKCβI and BDNF/TrkB 
3.1. Muscle contraction prevents the synaptic activity-induced 
Munc18-1 phosphorylation 
Nerve stimulation and synaptic activity results in the contraction of the 
muscle fiber. We next studied whether physiological synaptic activity (nerve 
stimulated with the resulting contraction) contributes to modulate in a different 
way pMunc18-1 levels at the NMJ. As stated, both, Munc18-1 and pMunc18-1 
levels increase during continued synaptic activity lasting for 30 minutes. Contrarily, 
we found that muscle contraction in response to the nerve stimulus cancels out 
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the increase induced by synaptic activity. In fact, pMunc18-1 significantly 
decreases at 30 minutes. However, between 1-10 minutes pMunc18-1 increases 
with and without contraction pointing to the relevance of this phosphorylation to 
sustain neurotransmission. Thereafter, some adaptive change mediated by 
contraction seems to induce pMunc18-1 level decrease.  
3.2. Both nPKCε and cPKCβI activity promote pMunc18-1 in muscle 
contraction conditions 
It has been established previously that the presynaptic PKC isoforms ε and 
βI are differently regulated at the NMJ by nerve activity and by its resulting muscle 
activity (Besalduch et al. 2010; Hurtado et al. 2017a; Obis et al. 2015a). In 
particular, muscle activity per se has a critical role to enhance presynaptic nPKCε 
and cPKCβI protein levels. The present data show a complex change in the nPKCε, 
cPKCβI and Munc18-1 interactions when synaptic activity ends in muscle 
contraction. nPKCε positively regulates Munc18-1 phosphorylation in electrically 
stimulated contracting muscles similarly as the experiments with abolished 
contraction. In all cases, including the basal conditions, nPKCε makes this function. 
Also, in all cases, cPKCβI negatively regulates nPKCε phosphorylation.  However, 
cPKCβI function shifts to increase pMunc18-1 after 30 minutes of stimulation, 
which is the opposite effect observed in stimulation without contraction. 
3.3. BDNF/TrkB pathway modulates Munc18-1 phosphorylation 1 in 
muscle contraction conditions 
Because muscle contraction regulates nPKCε and cPKCβI through the 
BDNF/TrkB pathway (Hurtado et al. 2017a; Obis et al. 2015a), we analyzed the 
regulation of Munc18-1 and pMunc18-1 levels by the BDNF/TrkB pathway when 
contraction occurs. We observed here that there is also a shift (similarly to that 
observed with the cPKCβI function) in the coupling of the endogenous BDNF-TrkB 
signaling (compared with the experiments with synaptic activity without 
contraction) to promote Munc18-1 phosphorylation in this case. 
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In summary, the results show that nerve stimulation increases 
phosphorylation of Munc18-1 on Ser-313 and that the resulting nerve-induced 
muscle contraction induces an important change that prevents the effect of nerve 
stimulation by itself on Munc18-1 and pMunc18-1 levels when a continuous 
stimulation is performed. Moreover, nPKCε positively regulates Munc18-1 
phosphorylation both in basal conditions and in synaptic activity conditions (with 
and without contraction) being higher the effect of nPKCε in synaptic activity 
without contraction. The cPKCβI isoform negatively regulates pnPKCε 
phosphorylation activity in all the studied activity conditions. However, during the 
full activity of the NMJ that includes muscle contraction, the role of the cPKCβI 
shifts to increase pMunc18-1. BDNF/TrkB signaling has a similar effect than cPKCβI 
in all the activity conditions studied, suggesting the coordinated regulation of the 
two pathways. 
Is thought-provoking the fact that when synaptic activity leads to muscle 
contraction Munc18-1 and pMunc18-1 levels are reduced if, at the same time, 
cPKCβI, nPKCε and the endogenous BDNF/TrkB pathway operate to increase 
pMunc18-1. 
Surprisingly, exogenous BDNF significantly decreases pMunc18-1 and 
Munc18-1 protein levels in nerve-induced muscle contraction conditions, 
indicating that exogenous BDNF acts differentially than endogenous BDNF and 
suggesting the binding to a different receptor. The possibility exist that exogenous 
BDNF binds also to the p75NTR receptor with the result of a reduction of Munc18-1 
and pMunc18-1. Endogenous BDNF may operate in part through p75NTR in the 
contraction condition. Although the interpretation of the data are very complex, 
we observed that in the experiments blocking TrkB with the antibody 47/TrkB, the 
total Munc18-1 does not depend of this receptor. Also, pcPKCβI does not affect 
Munc18-1 in synaptic activity condition (without contraction). Interestingly 
however, when contraction occurs, pcPKCβI strongly reduces Munc18-1 (figure 34) 
and it may be that as a consequence pMunc18-1 is also reduced finally. Thus, the 
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shift of pcPKCβI to reduce Munc18-1 protein levels during synaptic activity and 
muscle contraction, may be the key element that allows the final decrease of their 
phosphorylation which (at 30 minutes of the constant activity) would be 
considered as an adaptation. This effect seems to occur in parallel with the 
positive effects over Munc18-1 phosphorylation mediated by nPKCε, cPKCβI and 
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CHAPTER II. SNAP-25 PHOSPHORYLATION IS INDUCED BY SYNAPTIC ACTIVITY 
AND MEDIATED BY THE nPKCε ISOFORM AT THE NMJ 
The three SNARE proteins (the vesicular SNARE protein Synaptobrevin 
and the plasma membrane SNARE proteins Syntaxin-1 and SNAP-25) form a trans-
complex that involves a progressive zippering of the four-helical SNARE complex 
(Hanson et al., 1997). Zippering of trans-SNARE complexes forces the fusing 
membranes into close proximity, destabilizing their hydrophilic surfaces. Assembly 
of the full trans-SNARE complex together with the regulatory action of the SM 
protein Munc18-1 opens the fusion pore. Fusion pore expansion transforms the 
initial trans-SNARE complexes into cis-SNARE complexes that are then dissociated 
by NSF (which binds to SNARE complexes via SNAP adaptor proteins), completing 
the cycle (Fasshauer et al. 1998; Hanson et al. 1997; Südhof 2004; Sutton et al. 
1998; Xu et al. 1999). 
Thus, it is important the study of the phosphorylation of these proteins 
that regulate their interactions and formation of the SNARE/SM complex and 
exocytosis of neurotransmitters from the presynaptic components.  
The main result of this study shows that the nPKCε isoform contributes to 
positively regulate SNAP-25 phosphorylation on Ser-187 during synaptic activity. 
Differing from the Munc18-1 regulation, TrkB receptor and cPKCβI activity do not 
modulate SNAP-25 protein level nor its phosphorylation. Thus, there exist critical 
differences between the regulatory Munc18-1 and the force generator SNAP-25 
phosphorylation, which can contribute to explain their interaction in the 
SNARE/SM complex function. 
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1. SNAP-25 and pSNAP-25 in the adult skeletal muscle: regulation by 
calcium and PMA 
2.1. Calcium negatively modulates SNAP-25 phosphorylation  
It has been proposed that PKA phosphorylation of SNAP-25 at Thr-138 
controls the size of the releasable vesicle pools, whereas PKC phosphorylation of 
SNAP-25 (Shimazaki et al., 1996; Kataoka et al., 2000) at Ser-187 is involved in 
regulating the fast vesicle pool refilling after it has been emptied during 
neurotransmission (Leenders and Sheng 2005; Nagy et al. 2002). The PKC 
phosphorylation site is in a region related with calcium-triggered exocytosis and 
changes within this region interfere with SNAP-25 interaction with the calcium 
sensor Synaptotagmin-1 (Zhang et al. 2002). Also, the level of phosphorylated 
SNAP-25 may change in response to elevated intracellular calcium concentration 
(Nagy et al., 2002). However, trans-SNARE complexes composed of ‘‘open’’ 
Syntaxin-1 and SNAP-25 exist in the membrane before Ca2+ triggers 
neurotransmitter release (Pertsinidis et al., 2013). 
In our experiments changing the calcium concentration in the media, we 
observed that high calcium decreases both SNAP-25 and pSNAP-25 whereas low 
calcium decreases SNAP-25 and increases pSNAP-25. There is an inverse relation 
between extracellular calcium concentration and the level of SNAP-25 
phosphorylation. There are several possible explanations. It may be that in the fast 
NMJ that secrete many quanta of ACh, and differently to what happens in 
chromaffin cells (Nagy et al., 2002), the presumed high calcium inflow would 
maintain low SNAP-25 phosphorylation as an adaptation to facilitate vesicular 
movements. Alternatively, the SNAP-25 and pSNAP-25 decrease may be attributed 
to an increased turnover and degradation because continued functioning in high 
calcium conditions. Nevertheless, the SNAP-25 behavior is opposed to that of the 
regulatory Munc18-1 because in high calcium Munc18-1 decrease and pMunc18-1 
increase whereas in low calcium, Munc-18-1 increase and pMunc18-1 does no 
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change. These differences between Munc18-1 and SNAP-25 phosphorylation could 
be significant in relation with their interaction in the SNARE/SM complex 
formation. Modification of the interaction between SNAP-25 and Munc18-1 could 
be an important mechanism for the regulation of synaptic vesicle exocytosis. 
2.2. PMA enhances SNAP-25 total levels  
Because SNAP-25 is a PKC substrate (Shimazaki et al., 1996; Kataoka et al., 
2000) we investigated in the NMJ the effect of the phorbol ester PMA, which 
previously we demonstrated that enhances ACh release and PKC at the NMJ 
(Besalduch et al. 2010; Lanuza et al. 2000, 2006, 2014; Santafé et al. 2005, 2006, 
2009, 2014). Surprisingly we observed that PMA increases the total protein level of 
SNAP-25 but not the phosphorylated form. Figure 44 shows more than a 75% of 
pSNAP-25 present in the membrane fraction in basal conditions similarly as it 
happens with other molecules of the SNARE/SM complex like Munc18-1. It could 
be hypothesized that pSNAP-25 has a rapid turnover, being the application of PMA 
able to maintain the phosphorylation through PKC, but not to increase it. 
Interestingly however, the pSNAP-25 behaviour after PMA treatment is (similarly 
as happens with extracellular calcium changes in the bath) opposed to that of the 
regulatory Munc18-1. PMA increases both total and phosphorylated Munc18-1. 
This highlights the different regulation of these molecules in the neuromuscular 
synapses. However, SNAP-25 has been clearly defined as a PKC target during the 
release process as showed by using phosphomimetic mutants of SNAP-25 
expressed in chromaffin cells (Nagy et al., 2002). Overexpression of SNAP-25 
mutants mimicking the phosphorylated state of Ser-187 accelerated vesicle 
recruitment after the emptying of the releasable vesicle pools (Nagy et al., 2002).  
2. Synaptic activity and nPKCε increase SNAP-25 phosphorylation 
We separated the effect of the presynaptic stimulation (and synaptic 
transmission) from the effect of the muscle cell contraction, by performing 
experiments in which contraction was inhibited using µ-CgTx-GIIIB (Obis et al. 
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2015a,b) that preserves the full functionalism of neurotransmission. We found 
that nerve stimulation increased pSNAP-25, mainly in the membrane fraction 
(roughly 90% of the phosphorylated molecule), without change the SNAP-25 
levels. Moreover, we observed that at shorter times of stimulation (1 min and 10 
min) the levels of these molecules does not change suggesting the occurrence of 
an adaptive process clearly observed at 30 minutes of induced activity. 
All these data seems to indicate that the level of pSNAP-25 is high in the 
membrane in basal conditions, possibly sufficient to allow this function during the 
initial period of induced activity. In addition, non physiological stimulation of PKCs 
phosphorylation activity (PMA) does not lead to pSNAP-25 increase, suggesting 
that the existing amounts are sufficient, though the total SNAP-25 rises after 30 
minutes. Moreover, our results indicate that high levels of exogenous calcium may 
lead to an increased use of pSNAP-25, which could cause its degradation. Finally, 
the synaptic activity of the NMJ increases the levels of SNAP-25 in the membrane 
after a relatively long adaptive period (30 minutes). 
2.1. nPKCε enhances SNAP-25 phosphorylation in basal and synaptic 
activity conditions but cPKCβI does not  
Because PMA does not increase pSNAP-25 in basal conditions, it seems 
that its presence in the membrane may be saturated and only continuous synaptic 
activity by nerve stimulation progressively increases it. Therefore, we investigated 
the possible PKC isoforms that tonically phosphorylate SNAP-25 both in basal 
conditions and during induced synaptic activity. Using specific translocation 
inhibitor peptides and therefore specifically blocking their activity, we studied the 
two isoforms of PKC that are located exclusively in the presynaptic component of 
the NMJ, nPKCε and cPKCβI (Hurtado et al. 2017a; Liu et al. 1999; Obis et al. 
2015a,b; Zhang et al. 2015). 
In relation with nPKCε, we observed that in basal conditions this isoform 
has a positive tonic effect regulating SNAP-25 because promotes expression and 
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phosphorylation. During synaptic activity, nPKCε specifically enhances also 
phosphorylation of SNAP-25 without change the SNAP-25 total amount. The 
inhibitor peptide εV1-2 completely avoids the phosphorylation induced by synaptic 
activity emphasizing the specific tonic role of nPKCε. Interestingly, in basal 
conditions, nPKCε is present mainly in the membrane and pnPKCε almost equally 
distributed in membrane and cytosol. Electrical stimulation did not change 
significantly this distribution. However, during synaptic activity, a significant 
reduction of both nPKCε and pnPKCε is seen (Obis et al. 2015a) suggesting an 
increased turnover of the kinase whereas doing its phosphorylation action. This 
may reflect the downregulation of the PKC after its activation (Gould et al. 2009; 
Gould and Newton 2008; Kang et al. 2000; Lee et al. 1996; Lu et al. 1998). 
Moreover, it should be noted that nPKCε auto-phosphorylation is not stimulated 
by synaptic activity and that its decrease due to degradation does not affect its 
kinase function. 
pnPKCε phosphorylates both pSNAP-25 and pMunc18-1, but reduces the 
amount of  Munc18-1 and does not change SNAP-25. Therefore, this isoform has 
an important involvement in regulating the SNARE/SM complex and exocytosis 
during synaptic activity. 
In relation with cPKCβI, we observed that the specific translocation 
inhibitor peptide βIV5-3 did not change total SNAP-25 and pSNAP-25 both in basal 
conditions and during synaptic activity indicating that cPKCβI isoform does not 
contribute to SNAP-25 phosphorylation during synaptic activity. However, this 
isoform plays a relevant negative role in the phosphorylation of Munc18-1 by 
pnPKCε. 
2.2. BDNF/TrkB signaling does not modulate nPKCε-mediated SNAP-25 
phosphorylation 
Presynaptic activity enhances BDNF/TrkB signaling to increase cPKCβI 
activity (Hurtado et al. 2017a) and decreases phosphorylation of nPKCε. We 
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investigated the possible involvement of this pathway on SNAP-25 
phosphorylation by using the anti-TrkB antibody 47/TrkB or applying exogenous 
BDNF. In particular, we found that neither 47/TrkB nor exogenous BDNF could 
modify SNAP-25 and pSNAP-25 levels. In this case, none of the two molecules 
regulates SNAP-25 protein levels nor its phosphorylation. On the contrary, the 
BDNF/TrkB signaling exerts through downstream cPKCβI activity a negative 
regulation on Munc18-1 phosphorylation. 
 Our results show that pSNAP-25 does not depend of TrkB but this 
receptor effectively contributes to pnPKCε modulation. Thus, the pnPKCε 
regulation of pSNAP-25 could be independent of the regulation of TrkB on pnPKCε. 
In a near future, it might be interesting to consider the cooperation of another 
mechanism. Alternatively, it is important to note that the constitutive 
phosphorylation of SNAP-25 by pnPKCε may guarantee the continuous operation 
of this force-generation protein and the permanent refilling of the vesicular pools. 
3. Muscle contraction decreases SNAP-25 phosphorylation dependent on 
synaptic activity 
Muscle activity has a critical role to enhance presynaptic nPKCε and 
cPKCβI protein levels through a retrograde BDNF/TrkB signaling (Besalduch et al. 
2010; Hurtado et al. 2017a; Obis et al. 2015a). In the present experiments we 
found that synaptic activity followed by muscle contraction does not change SNAP-
25 phosphorylated level in a period of 30 minutes. Interestingly, muscle 
contraction per se is able to reduce the phosphorylation of SNAP-25 with respect 
to synaptic activity. In these conditions, nPKCε positively regulates SNAP-25 
phosphorylation but cPKCβI does not, which in both cases is similar to the 
stimulated muscles in which contraction is preserved. The decrease in pSNAP-25 
could be induced by a decrease of its phosphorylation (presumably through a 
decrease in nPKCε activity) or an increase of its dephosphorylation by 
phosphatases. Furthermore, BDNF/TrkB signaling does not regulate SNAP-25 nor 
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its phosphorylation in these conditions. These findings reinforce the suggestion of 
that the PKC phosphorylation of SNAP-25 seems less complex than the regulation 
of Munc18-1 phosphorylation.  
In conclusion, the PKC phosphorylation of the force generator SNAP-25 
protein seems a relatively simple process constitutively performed by the nPKCε 
isoform in basal and different synaptic activity conditions. This PKC isoform also 
guarantees the phosphorylation of the regulatory Munc18-1 protein. However in 
this case, a very complex regulation is mediated by at least TrkB and cPKCβI 
activity, which operate specifically in different conditions of imposed synaptic 
activity. In regard to SNAP-25, its phosphorylation is not regulated by TrkB nor 
cPKCβI in any activity conditions. 
     CONCLUDING REMARKS 
This thesis describes, at the neuromuscular junction, the presence and 
regulation, by synaptic activity and muscle contraction, of Munc18-1 and SNAP-25, 
two PKC substrates of the synaptic vesicle exocytotic apparatus responsible to the 
regulation of neurotransmitter release. We demonstrate that both synaptic 
activity and muscle contraction contribute to regulate Munc18-1 and SNAP-25 
phosphorylation and that the activities of two presynaptic PKC isoforms (nPKCε 
and cPKCβI) are involved closely related with the BDNF/TrkB signaling pathway.  
The overall results of this thesis are summarized in figure 59. A is a 
representation of how nPKCε and cPKCβI modulate Munc18-1 and SNAP-25 under 
presynaptic stimulation without contraction. Presynaptic stimulation induces 
calcium influx, which can promotes the activation of cPKCβI. This isoform 
downregulates the constitutively active nPKCε. On the one hand, nPKCε 
phosphorylates Munc18-1 and SNAP-25. On the other hand, cPKCβI only inhibits 
Munc18-1 phosphorylation. BDNF/TrkB pathway (with a balanced ratio of TrkB.FL 
and TrkB.T1) enhances PKC action over Munc18-1, like the final result of synaptic 
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activity. In B is represented how nPKCε and cPKCβI modulate Munc18-1 and SNAP-
25 under presynaptic stimulation with contraction. Muscle contraction induces the 
shift of cPKCβI isoform to upregulate Munc18-1 phosphorylation, maintaining the 
inhibition over nPKCε. Moreover, similarly to what happens in the presynaptic 
stimulation without contraction, SNAP-25 is not affected by cPKCβI. The final 
result of muscle contraction per se is to downregulate Munc18-1 and SNAP-25 
phosphorylation to reach a basal state. Finally, TrkB functions to regulate this 
complex system through cPKCβI. 
Thus, this thesis provides a mechanistic insight into how Munc18-1 and 
SNAP-25 phosphorylation is regulated contributing to achieve the extraordinary 
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Figure 59. Summary of the results.   
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    CONCLUSIONS 
OBJECTIVE 1: To determine the expression, location and regulation by the PKC-
activators calcium and PMA of Munc18-1 and SNAP-25 and their phosphorylated 
forms in the skeletal muscle.   
   Muscle, spinal cord and brain have high amounts of Munc18-1, SNAP-25 
and pSNAP-25, but pMunc18-1 is barely observed in brain and spinal cord 
tissue. In addition, both Munc18-1 and SNAP-25 are expressed and 
phosphorylated in basal conditions with a predominant location in the 
membrane fraction. 
   Munc18-1 is present in the motor nerve terminals and absent in the 
Schwann and muscle cells. 
   PMA increases both Munc18-1 and SNAP-25 total protein levels. 
Moreover, phosphorylation of Munc18-1 occurs in response to PMA, but 
SNAP-25 phosphorylation is not affected. 
   In high calcium media, pMunc18-1 increases but pSNAP-25 decreases. In 
low calcium, pMunc18-1 does not change whereas pSNAP-25 increases. 
 
OBJECTIVE 2: To determine whether the synaptic activity modulates Munc18-1, 
SNAP-25 and their phosphorylation levels in the skeletal muscle through nPKCε 
and cPKCβI isoforms and BDNF/TrkB signaling pathway. 
o   To determine whether presynaptic activity regulates Munc18-1, SNAP-25 
and their phosphorylation levels. 
   Synaptic activity increases both Munc18-1 and pMunc18-1 and reduces 
pMunc18-1 in the membrane.  
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   Synaptic activity increases pSNAP-25 without affecting SNAP-25 total 
levels. 
   Munc18-1 phosphorylation have a rapid increase from minute 1 to 10 
and thereafter is maintained. In addition, the total level of Munc18-1 also 
increases steadily until reaching 30 minutes. In contrast, SNAP-25 
phosphorylation increases after a continuous nerve-stimulation and total 
SNAP-25 levels do not change over time. 
   Phosphatase activity regulates Munc18-1 phosphorylation-
dephosphorylation at the beginning of stimulation (1 minute) and 
thereafter, pMunc18-1 increases and attains a steady value (10-30 
minutes). 
o   To determine whether nPKCε and cPKCβI isoforms and their interaction 
regulate the phosphorylation of Munc18-1 and SNAP-25, related or not, with 
the presynaptic activity, and whether nPKCε and cPKCβI are interdependent. 
   Both nPKCε and cPKCβI isoforms contribute to regulate pMunc18-1 
during synaptic activity: nPKCε increases Munc18-1 phosphorylation while 
cPKCβI reduces it. Therefore, a balance between the activities of these two 
isoforms can be a relevant cue in the regulation of the exocytotic 
apparatus. 
   SNAP-25 phosphorylation is positively modulated by nPKCε (in all basal 
and synaptic activity conditions) but cPKCβI does not regulate it in any 
activity condition. 
   cPKCβI negatively regulates nPKCε phosphorylation and positively 
regulates nPKCε total levels both in basal and synaptic activity conditions. 
nPKCε isoform enhances cPKCβI without affecting pcPKCβI both in basal 
and synaptic activity conditions. Moreover, as a consequence of synaptic 
activity, pnPKCε enhances phosphorylation of Munc18-1 and cPKCβI 
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decreases it, maybe through the negative regulation of cPKCβI over 
pnPKCε. 
o   To determine whether BDNF/TrkB signaling pathway regulates the 
phosphorylation of Munc18-1 and SNAP-25 related with the synaptic activity. 
   BDNF/TrkB signaling negatively modulates pMunc18-1 level and pnPKCε 
activity. 
   BDNF/TrkB signaling enhances pcPKCβI action to prevent the synaptic 
activity-induced Munc18-1 phosphorylation mediated by nPKCε. 
   BDNF/TrkB and cPKCβI signaling does not affect pSNAP-25. 
 
OBJECTIVE 3: To determine whether the synaptic activity resulting in muscle 
contraction has a repercussion on Munc18-1, SNAP-25 and their phosphorylation 
levels in the skeletal muscle through nPKCε and cPKCβI isoforms and BDNF/TrkB 
signaling pathway. 
o   To determine whether nerve-induced muscle contraction regulates 
Munc18-1, SNAP-25 and their phosphorylation levels. 
   Muscle contraction decreases the synaptic activity–induced Munc18-1 
and SNAP-25 phosphorylation. 
   Complete neuromuscular activity prevents Munc18-1 phosphorylation 
only when continuous stimulation is performed over time but does not 
change the phosphorylation of SNAP-25. 
o   To determine whether nPKCε and cPKCβI isoforms regulate the 
phosphorylation of Munc18-1 and SNAP-25 under nerve-induced muscle 
contraction condition and the dependence between nPKCε and cPKCβI.  
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   Both nPKCε and cPKCβI isoforms positively regulate pMunc18-1 during 
muscle contraction. 
   SNAP-25 phosphorylation is positively modulated by nPKCε but cPKCβI 
does not regulate it. 
   cPKCβI negatively regulates nPKCε phosphorylation and positively 
regulates nPKCε total levels.  
o   To determine whether BDNF/TrkB signaling pathway regulates the 
phosphorylation of Munc18-1 and SNAP-25 under nerve-induced muscle 
contraction condition. 
   BDNF/TrkB signaling increases pMunc18-1 level and does not affect 
pSNAP-25. 
   Muscle contraction prevents Munc18-1 phosphorylation against the 
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